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(54) Optical device and three-dimensional display device 



(57) An optical device includes a transparent mate- 
rial layer having a desired curved surface configuration, 
a layer including a variable refractive index material hav- 
ing a dielectric constant anisotropy and having a prop- 
erty in which a sign of a difference Ae in dielectric con- 
stant due to the anisotropy is reversed at driving fre- 



quencies f1 and f2, at least two transparent electrodes 
arranged to sandwich the transparent material layer and 
the layer including the variable refractive index material, 
and a driving device supplying a voltage including the 
driving frequencies f1 and 12 between the transparent 
electrodes. 
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Description 

The present invention relates to an optical device 
which can periodically or sequentially vary optical prop- 
erty in the optical device, such as a focal length of a lens, s 
a deflection angle of a prism, a divergence angle of a 
lenticular lens and so on. 

Further, the present invention relates to a three-di- 
mensional display device and its driving method. More 
specifically, the present invention relates to a technolo- 
gy effectively applicable to an apparatus for displaying 
a two-dimensional image to be displayed on a two-di- 
mensional display device in a three-dimensional fash- 
ion. 

Most of the conventional optical devices are pas- 
sive optical devices. Kinds of active optical devices 
whose optical properties can be varied by voltage or the 
like are quite limited. Amongst, as an optical device em- 
ploying a material having variable refractive index, there 
is a liquid crystal lens disclosed in Science Research 
Expenditure Subsidy Research Results Report No. 
59850048(1984). 

Fig. 1 shows a construction of such a liquid crystal 
lens. The liquid crystal lens having optical properties to 
be varied by voltage or the like shown in Fig. 1 is con- 
structed with a planar convex lens 1 formed of a poly- 
mer, glass or the like, a transparent electrode formed on 
the surface of the planar concave iens 1, an alignment 
layer formed of a polyimide or the like on the transparent 
electrode 2, a liquid crystal 4 (ordinary nematic liquid 
crystal having an anisotropy of dielectric constant which 
is not reversed by difference of frequency), an opposite 
substrate 5 opposite to these components, a transpar- 
ent electrode 6 formed on the opposite substrate 5, an 
alignment layer 7 formed of polyimide or the like on the 
transparent electrode 6, and a driving device for driving 
these components. Here, the alignment layers 3 and 7 
are in homogeneous alignment condition for aligning the 
liquid crystal 4 in substantially parallel. 

In the condition where no voltage is applied be- 
tween the transparent electrodes 2 and 6, the liquid 
crystal 4 is aligned to be substantially parallel to the 
alignment layers 3 and 7 by the action of the alignment 
layers 3 and 7. In this case, an incident light beam 11 in 
a polarized condition to.be parallel to the alignment di- 
rection is subject to an extraordinary refractive index of 
the liquid crystal 4. Thus, for example, the liquid crystal 
4 appears to have a large refractive index in comparison 
with the planar concave lens 1 so'that the entire optical 
device serves as the planar convex lens to cause con- 
vergence as an output light beam 12. 

On the other hand, in the condition where an appro- 
priate voltage is applied between the transparent elec- 
trodes 2 and 6, the liquid crystal 4 is aligned to be per- 
pendicular to the electrode 2 and 6. In this case, the in- 
cident light beam 11 is subject to the ordinary refraction 
of the liquid crystal 4. Therefore, for example, the liquid 
crystal 4 appears to have substantially the same refrac- 



tive index as the planar concave lens. Then, the entire 
optical device merely serves as glass plate to output a 
light beam 1 3 having substantially the same direction as 
the incident light beam 11. 

Even in such a conventional optical device, it has 
been possible to sequentially vary an optical property, 
e.g. focal length, of the planar convex lens depending 
upon an applied voltage. One example of this relation- 
ship is illustrated in Fig. 2. 

However, the conventional optical device has the 
following detects. Alignment of the liquid crystal 4 in the 
condition where no voltage is applied, is performed only 
by anchoring force of the alignment layers 3 and 7. In 
such a optical device, since the liquid crystal 4 has a 
large thickness of several hundreds u.m or more, a draw- 
back has been encountered in that a resumption timing 
upon driving is delayed significantly by several seconds, 
as shown in Fig. 3. Furthermore, even if the applied volt- 
age is increased, the resumption timing can be hardly 
improved. Therefore, currently, there is no effective 
method for shortening a resumption period. 

As set forth above, when the liquid crystal 4 is 
aligned only by anchoring force of the alignment layers 
3 and 7, molecules 4a of the liquid crystal 4 may be 
aligned along a curved surface of the planer concave 
lens in a portion located in the vicinity of the transparent 
electrode 2, as shown in Fig. 4. Therefore, alignment of 
a part of the liquid crystal tends to be inclined, so that 
the refractive index to be sensed by the incident light 
beam becomes closer to the refractive index of the pla- 
nar concave lens, thereby making a variation amount of 
the optical property smaller. Furthermore, there is a dis- 
advantage that distribution of the variation amount of the 
optical property depending on the position of the lens is 
caused. 

Further, since the transparent electrode 2 is formed 
on the surface of the planar concave lens 1 , when the 
voltage is applied, an electric field perpendicular to its 
surface is established in the vicinity of the transparent 
electrode 2 so that the liquid crystal 4 may be aligned 
perpendicularly to the surface thereof. As a result, there 
arises inclination of alignment of a part of the liquid crys- 
tal 4 to form a region where the refractive index sensed 
by the incident light beam is significantly different from 
the refractive index of the planar concave lens 1 . Thus, 
the incident light beam which should pass through with- 
out any deflection substantially, is locally deflected. 

Furthermore, in the case where the surface config- 
uration of the planar concave lens 1 is more complicat- 
ed, particularly when it has deep grooves or sharp pro- 
jections, it becomes difficult to uniformly form the trans- 
parent electrode, so that a circuit breakage or high re- 
sistance is liable to occur. 

Additionally, in such case, an alignment process of 
the alignment layers for aligning the liquid crystal, such 
as rubbing process and the like, becomes difficult. Fur- 
ther, a distance between the transparent electrodes var- 
ies according to positions as clear from Fig. 1 . Despite 
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this fact, since the equal voltage is applied to entire po- 
sitions of the transparent electrodes, degradation of in- 
sulation, short circuit, etc. are liable to occur in a narrow 
region. 

As set forth above, the conventional active optical 
device employing the material having a variable refrac- 
tive index encounters various practical drawbacks or 
shortcoming in production and driving, such as in long 
resumption period, n on uniformity. 

It is an object of the present invention to provide an 
optical device which can be driven at high speed, 
achieves high uniformity, is easy to fabricate, and can 
vary optical property sequentially, periodically in an ac- 
tive manner. 

According to one aspect of the present invention, 
there is an optical device comprising: 



device. Furthermore, since the transparent electrodes 
are not provided on the side of the variable refractive 
index material of the transparent material layer, the dis- 
tance between the transparent electrodes can be main- 
s tained substantially the same, and the transparent ma- 
terial layer is always present between the transparent 
electrodes, degradation of insulation, short and so on 
hardly occur. 

Further, by replacing one of the transparent elec- 
10 trode with an electrode reflecting at least a part of the 
incident light beam, an active mirror, half mirror or other 
various types of optical devices for varying optical prop- 
erty can be realized; 

According to another aspect of the present inven- 
ts tion, there is an optical device comprising: 

a layer including a variable refractive index material 
having dielectric constant anisotropy and having a 
property to reverse signs of a difference of dielectric 
constant Ae due to anisotropy at driving frequencies 
f1 and f2; 

at least two transparent electrodes arranged to 
sandwich the layer including the variable refractive 
index material; and 

a driving device applying a voltage, in which voltag- 
es from V1 to VN respectively having respective pri- 
mary frequencies f 1 to fN (N > 2) are superimposed, 
between the transparent electrodes. 

According to a further aspect of the present inven- 
tion, there is an optical device comprising: 



a transparent material layer having a desired 
curved surface configuration; 

a layer including a variable refractive index material 20 
having a dielectric constant anisotropy and having 
a property in which a sign of a difference Ae in die- 
lectric constant due to the anisotropy is reversed at 
driving frequencies f 1 and f2; 

at least two transparent electrodes arranged to 25 
sandwich the transparent material layer and the lay- 
er including the variable refractive index material; 
and 

a driving device supplying a voltage including the 
driving frequencies f 1 and f2 between the transpar- 30 
ent electrodes. 



a layer of transparent material having a desired 
curved surface configuration; 
35 a layer including a variable refractive index material 
having a positive or negative dielectric constant an- 
isotropy; 

at least two transparent electrodes arranged to 
sandwich the layer of the transparent material and 
40 the layer including the variable refractive index ma- 
terial; and 

a driving device for always supplying a voltage sub- 
stantially equal to or greater than an amplitude 
of a voltage establishing static and vertical align- 
45 ment in the variable refractive index material. 



The optical device according to this aspect enables 
a high speed operation by varying refractive index by 
varying a frequency of a voltage to be applied to the var- 
iable refractive index material to vary the optical prop- 
erty of the device formed together with the transparent 
material having the desired curved surface configura- 
tion. Furthermore, since the force of the electric field can 
be always used, the speed can be made higher by in- 
creasing the electric field. 

In addition, in the optical device according to this 
aspect, the force of the electric field can be varied by 
the variable refractive index material, and since the 
transparent electrodes are not provided on the side of 
the variable refractive index material of the transparent 
material layer, the optical device is hardly influenced by 
the surface configuration of the transparent material lay- 
er, compared to the prior art device, regardless of the 
condition of the variable refractive index material and 
therefore an amount of variation of the optical property 
can be easily uniform. Since the transparent electrodes 
are not provided on the side of the variable refractive 
index material of the transparent material layer in the 
optical device according to the present invention, it be- 
comes unnecessary to form the film to meet the shape 
of the complicated surface configuration to facilitate fab- 
rication of the optical device, compared to the prior art 



As set forth above, the optical device according to 
this aspect has the driving device which can always sup- 
ply the voltage having an amplitude equal to or greater 

so than the voltage, at which the variable refractive index 
material is statistically aligned to generate electrofluid 
motion in the molecules of the liquid crystal to change 
the refractive index of the variable refractive index ma- 
terial in such a way that the orientation of the liquid crys- 

55 tal molecules vary in synchronism with a frequency 
twice of the frequency of the voltage applied between 
the state where the orientations of the liquid crystal mol- 
ecules is perpendicular or parallel to the electrode and 
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the state where the orientation of the liquid crystal mol- 
ecules is slightly inclined from the former state. There- 
fore, the optical device according to this aspect can vary 
the optical property at a high speed, sequentially, peri- 
odically and uniformly. Furthermore, it becomes unnec- 
essary to process the film to meet the complicated sur- 
face configuration, the fabrication can be facilitated. 

According to yet a further aspect of the present in- 
vention, there is an three-dimensional display device for 
forming three-dimensional image from two-dimensional 
image on a display portion, comprising: 

a layer of a transparent material having a desired 
curved surface configuration; 
a layer of a variable refractive index material having 
a refractive index varying in accordance with a volt- 
age applied thereto; 

at least two transparent electrodes arranged to 
sandwich the layer of the transparent material and 
the layer including the variable refractive index ma- 
terial; 

an imaging position shifting portion for shifting an 
imaging position of the two-dimensional image dis- 
played on the display portion; 
a synchronizing portion for synchronizing an updat- 
ing period of the two-dimensional image displayed 
on the display portion with a shifting period of the 
imaging point of the imaging position shifting por- 
tion; and 

a driving portion for driving the imaging point shifting 
portion by applying a voltage to the at least two 
transparent electrodes in accordance with an out- 
put from the synchronizing portion. The three-di- 
mensional display device according to the present 
invention decomposes the three-dimensional im- 
age into two-dimensional images (depth sample im- 
ages) belonging to planes set at a predetermined 
interval in a depth direction of an image pick-up po- 
sition for displaying the images in a predetermined 
sequence on the display portion, and the imaging 
position of the image to be displayed on the display 
portion is varied by the imaging portion shifting por- 
tion. Here, the image displayed on the display por- 
tion and the imaging position are synchronized by 
the synchronizing portion so that the observer may 
view the image displayed on the display portion as 
a three-dimensional image. 

According to another aspect of the present inven- 
tion, there is a driving method of driving a three-dimen- 
sional display device including a display portion for dis- 
playing two-dimensional images, an imaging point shift- 
ing portion disposed between the display portion and an 
observer, a synchronizing portion for synchronizing an 
updating period of the two-dimensional images dis- 
played on the display portion with a shifting period of the 
imaging point of the imaging point shifting portion, and 
a driving portion for driving the imaging point shifting 
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portion, the a driving method comprising the steps of: 

outputting a plurality of driving signals of an output 
voltage VN (N £ 2) having frequency f N as a primary 

5 frequency for a predetermined period of time as- 
signed to each of the driving signals in a predeter- 
mined sequence to drive the imaging point shifting 
portion in the driving portion; and 
updating and displaying the two-dimensional imag- 

10 es in a predetermined sequence on the display por- 
tion in the synchronizing portion. 

According to yet another aspect of the present in- 
vention, there is a driving method of driving a three-di- 

15 mensional display device including a display portion for 
displaying two-dimensional images, an imaging point 
shifting portion disposed between the display portion 
and an observer, a synchronizing portion for synchro- 
nizing an updating period of the two-dimensional imag- 

20 es displayed on the display portion with a shifting period 
of the imaging point of the imaging point shifting portion, 
and a driving portion for driving the imaging point shifting 
portion, the a driving method comprising the steps of: 

25 in the driving portion: 

generating a driving signal of a predetermined out- 
put voltage in which a frequency fN (N > 2) is su- 
perimposed; 

applying the driving signal to the imaging position 
30 shifting portion; 

varying the output voltage in a predetermined se- 
quence in accordance with a synchronization signal 
of the synchronizing portion; and 
in the synchronization portion: 
35 outputting a synchronization signal in the synchro- 
nization portion when updating two-dimensional im- 
ages to be displayed on the display portion. 

In the foregoing three-dimensional display device, 
40 there appears a phantom image of the image on the 
back side or inside which should be hidden. Therefore, 
it can be useful only for reproducing a wire frame like 
three-dimensional image, in practice. This aspect of the 
invention makes it possible to display the real three-di- 
45 mensional image display in this case. 

According to a further aspect of the present inven- 
tion, there is a three-dimensional display device com- 
prising: 

50 a phantom three-dimensional display device for dis- 
playing a phantom three-dimensional image; and 
a shutter device formed by a shutter element for 
controlling a light transmittance, the shutter device 
being located at a position where the phantom 
55 three-dimensional image is reproduced or a posi- 
tion optically equivalent to the position. According 
to the three-dimensional display device, the shutter 
element of the shutter device, interputs the incident 
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light beam or scatters the light beam while the phan- 
tom image on the back side as viewed from the ob- 
server is being reproduced- By this display device, 
many of the visual cues to depth perception can be 
satisfied and the natural three-dimensional image 
with no phantom phenomenon can be reproduced 
in the form of motion picture. 

According to a still further aspect of the present in- 
vention, there is a three-dimensional display device 
comprising: 

a phantom three-dimensional display device for dis- 
playing a phantom three-dimensional image; and 
a shutter device formed by a shutter element for 
controlling a light transmittance, 
the phantom three-dimensional image being a real 
image, and the shutter element being a photoreac- 
tive element for lowering a light transmittance in a 
real image region at the position of the shutter ele- 
ment in accordance with an imaging light beam of 
the real image. 

According to another aspect of the present inven- 
tion, there is a head-mount display device comprising: 

two display devices corresponding to left and right 
eyes and each including a two-dimensional display 
device and -an optical device having a variable focal 
length; and 

a control device for controlling the two-dimensional 
display device and the optical device having a var- 
iable focal length, 

the display devices being mounted to left and right 
eyes, and the control device synchronously driving 
the two-dimensional display device and the optical 
device to perform three-dimensional display. 

The head-mount display device according to this 
aspect is worn on respective left and right eyes of the 
human being so that the human being or viewer can 
view display images on the two-dimensional display de- 
vices through the optical device of variable focal length. 
Then, by varying the focal length of the optical device, 
the virtual image position of the display image of the two- 
dimensional display device is varied in the depth direc- 
tion. According to this display device, visual cues to 
depth perception, such as binocular disparity, conver- 
gence, focus of eye in stereoscopy can be satisfied with 
no discrepancy and the natural three-dimensional im- 
age with no phantom phenomenon can be reproduced 
at a high speed. 

Embodiments of the present invention will now be 
described with reference to the accompanying draw- 
ings, in which: 

Fig. 1 is an illustration showing a construction of one 
example of the conventional liquid crystal lens; 



Fig. 2 is a chart showing a relationship between a 
focal length and an applied voltage in the device of 
Fig. 1; 

Fig. 3 is a chart showing a relationship between a 
5 reaction period and an applied voltage in the device 
of Fig. 1 ; 

Fig. 4 is a conceptual illustration showing an align- 
ment of liquid crystal molecules by an anchoring 
force of an alignment layer in the device of Fig. 1 ; 
io Fig. 5 is a conceptual illustration of alignment of the 
liquid crystal molecules upon charging of voltage in 
the device of Fig. 1 ; 

Fig. 6 is an illustration showing a construction of the 
first embodiment of an optical device according to 

is the present invention; 

Fig. 7 is a chart showing a relationship between a 
dielectric constant of a liquid crystal of Fig. 6 and a 
frequency of a driving voltage; 
Fig. 8 is a waveform of a driving voltage of the op- 

20 tical device of Fig. 6; 

Fjg. 9 is an explanatory illustration showing sequen- 
tial periodic motion of the liquid crystal of Fig. 6; 
Fig. 10 is a graph showing a plane distribution of 
brightness of a output light beam; 

25 Figs. 1 1 A and 1 1 B are charts illustrating a waveform 
of another driving voltage of Fig. 6; 
Fig. 1 2 is an illustration showing a matrix apparatus 
employing the optical device according to one em- 
bodiment of the present invention; 

30 Fig. 1 3 is an illustration showing an embodiment of 
the optical device of the present invention; 
Fig. 14 is an illustration showing an embodiment of 
the optical device of the present invention; 
Fig. 15 is an illustration showing an embodiment of 

35 the optical device of the present invention; 

Fig. 16 is an illustration showing an embodiment of 
the optical device of the present invention; 
Fig. 17 is an illustration showing an embodiment of 
the optical device of the present invention; 

40 Fig. 18 is an illustration showing an embodiment of 
the optical device of the present invention; 
Fig. 1 9 is an illustration showing the second embod- 
iment of the optical device according to the present 
invention; 

45 Fig. 20 is an illustration showing a construction em- 
ploying the optical device of Fig. 1 9; 
Fig. 21 is an illustration showing the third embodi- 
ment of the optical device according to the present 
invention; 

50 Fig. 22 is a waveform of a driving voltage in the de- 
vice of Figs. 1 3-1 9 and Fig. 21 ; 
Fig. 23 is a waveform of another driving voltage in 
the device of Figs. 13-19 and Fig. 21; 
Fig. 24 is an illustration showing another construc- 
ts tion of the third embodiment of the present inven- 
tion; 

Fig. 25 is an explanatory illustration showing se- 
quential variations of an optical property in the third 
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embodiment of the optical device according to the 
present invention; 

Figs. 26A and 26B are waveforms of a driving volt- 
age for explaining the third embodiment of the op- 
tical device according to the present invention; 5 
Fig. 27 is an illustration showing the fourth embod- 
iment of the optical device according to the present 
invention; 

Fig. 28 is an illustration showing another construc- 
tion of the fourth embodiment of the optical device 10 
according to the present invention; 
Fig. 29 is an illustration showing a further construc- 
tion of the fourth embodiment of the optical device 
according to the present invention; 
Fig. 30 is a chart showing a relationship between is 
an applied voltage of a driving voltage for the optical 
device and a deflection angle; 
Fig. 31 is a chart illustrating a relationship between 
the applied voltage and the deflection angle for ex- 
plaining another driving method of the optical de- 20 
vice according to the present invention; 
Figs. 32A and 32B are charts illustrating a detailed 
relationship between the applied voltage and the 
deflection angle of Fig. 31 ; 

Figs. 33 to 37 are charts illustrating other relation- 25 
ships between the applied voltage and the deflec- 
tion angle; 

Fig. 38 is a block diagram showing a schematic con- 
struction of a three-dimensional display device em- 
ploying the conventional liquid crystal shutter eye- 30 
glasses; 

Fig. 39 is a block diagram showing a schematic con- 
struction of the three-dimensional display device 
employing the conventional lenticular lens sheet; 
Fig. 40 is a block diagram showing a schematic con- 35 
struction of a first embodiment of a three-dimen- 
sional display device according to the present in- 
vention; 

Fig. 41 is a graph illustrating how a focal length var- 
ies when a varifocal lens is driven by a driving de- 40 
vice of the first embodiment of the th ree-dimension- 
al display device according to the present invention; 
Figs. 42A and 42B are views for explaining opera- 
tions of the first embodiment of the three-dimen- 
sional display device; 45 
Fig. 43 is a block diagram showing a schematic con- 
struction of a second embodiment of the three-di- 
mensional display device according to the present 
invention; 

Fig. 44 is an illustration for explaining the second so 
embodiment of the three-dimensional display de- 
vice; 

Fig. 45 is a block diagram illustrating a schematic 
construction of a third embodiment of the three-di- 
mensional display device according to the inven- 55 
tion; 

Fig. 46 is a view showing a schematic construction 
of a varifocal lens of the three-dimensional display 



device; 

Fig. 47 is a view showing schematic construction of 
another embodiment of the three-dimensional dis- 
play device; 

Fig. 48 is an illustration showing a motion speed of 
an image by the varifocal lens; 
Fig. 49 is a view showing a schematic construction 
of a fourth embodiment of the three-dimensional 
display device according to the present invention; 
Fig. 50 is an illustration showing a basic operation 
of the fourth embodiment of the three-dimensional 
display device; 

Fig. 51 is a view showing a schematic construction 
of a fifth embodiment of the three-dimensional dis- 
play device according to the present invention; 
Fig. 52 is an illustration showing a basic operation 
of the fifth embodiment of the three-dimensional 
display device; 

Fig. 53 is a view showing a schematic construction 
of a sixth embodiment of the three-dimensional dis- 
play device according to the present invention; 
Fig. 54 is an illustration showing a basic operation 
of the sixth embodiment of the three-dimensional 
display device; 

Fig. 55 is a view showing a schematic construction 
of the sixth embodiment of the three-dimensional 
display device employing an optical system such as 
a lens or a mirror; 

Figs. 56A to 58 are sections showing embodiments 
of shutter devices in the three-dimensional display 
device; 

Fig. 59 is an illustration showing a basic operation 
of a seventh embodiment of the three-dimensional 
display device; 

Fig. 60 is a perspective view showing a first embod- 
iment of a head-mount display device; 
Fig. 61 is a plan view of the device of Fig. 60, on a 
plane including eyes of an observe; 
Figs. 62 and 63 are views showing a basic operation 
of the first embodiment of the head-mount display 
device; 

Fig. 64 is a graph illustrating a relationship between 
visual cues to depth perception and a depth percep- 
tively; 

Fig. 65 is a graph illustrating the correspondence 
and allowable range of convergence- and accom- 
modation; 

Fig. 66 is a view showing a schematic construction 
of a second embodiment of the head-mount display 
device; and 

Fig. 67 is a view showing a schematic construction 
of a modification of the second embodiment of the 
head-mount display device. 

The present invention will be described hereinafter 
in detail by way of the preferred embodiments of the 
present invention with reference to the accompanying 
drawings. In the following descriptions, numerous spe- 
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cific details are set forth in order to provide thorough un- 
derstanding of the present invention. It will be obvious, 
however, to those skilled in the art that the present in- 
vention may be practiced without these specific details. 
In other instance, well-known structures are not shown 
in detail in order to avoid unnecessarily obscure the 
present invention. 

At first, the preferred embodiments of an optical de- 
vice according to the present invention will be discussed 
hereinafter. While the descriptions will be given herein- 
after by way of embodiments mainly ewploying a fresnel 
lens structure as a surface of a layer of a transparent 
material, it is evident that similar effect should be ex- 
pected in the case of a convex lens, a concave lens, a 
prism array, a lens array, a lenticular lens, a diffraction 
grating or combinations thereof. 

The embodiments set forth hereinafter mainly em- 
ploy a liquid crystal as variable refractive index material, 
but equivalent effects should be expected even when 
other material having frequency dependency in anisot- 
ropy of dielectric constant is used. 

Furthermore, in the following embodiments are re- 
fractive index of liquid crystal is substantially equal to 
that of the transparent material when the liquid crystal 
is aligned substantially perpendicular to a transparent 
electrode. However, evidently, the similar effect should 
be expected even when the refractive index of a liquid 
crystal is substantially equal to that of the transparent 
material when the liquid crystal is aligned in substantially 
parallel to the transparent electrode or when the liquid 
crystal is aligned at a given angle with the transparent 
electrode. 

Furthermore, in the following embodiments, the re- 
fractive index of the liquid crystal is substantially greater 
than that of the transparent material, it is clearly possible 
to expect the similar effect even in the case where the 
refractive index of the liquid crystal is substantially 
smaller than that of the transparent material or the case 
where the refractive index of the transparent material 
falls within a variation range of the refractive index of 
the liquid crystal. 

(First Embodiment of Optical device) 

Fig. 6 shows one embodiment of the optical device 
according to the present invention. In Fig. 6, the optical 
device comprises a layer 21 of a transparent material 
having a desired curved surface configuration and 
formed of a transparent polymer, glass or the like, a var- 
iable refractive index material 22 formed of a transpar- 
ent material or the like including a liquid crystal, a plu- 
rality of transparent electrodes 23 and 24 sandwiching 
the transparent material layer 21 and a layer including 
the variable refractive index material 22 and formed of 
ITO or SnOx, and a driving device 25 for driving these 
molecules. 

Here, if it is intended to provide a planar convex lens 
variable in a focal length (focal length is positive) as one 



of an active optical device, and if a refractive index of 
the variable refractive index material 22 is substantially 
greater than the refractive index of the transparent ma- 
terial layer 21, the variable refractive index material 22 
s may be formed in the shape of a convex lens. Accord- 
ingly, the surface configuration of the transparent mate- 
rial layer 21 on the side of the variable refractive index 
material 22 may be formed in a concave fresnel lens 
shape as illustrated. Of course, when the refractive in- 
dex of the variable refractive index material 22 is sub- 
stantially smaller than the refractive index of the trans- 
parent material layer 21 , the surface configuration of the 
transparent material layer 21 on the variable refractive 
index material 22 side may be in the form of a convex 
fresnel lens, for example. 

In this embodiment, the variable refractive index 
material 22 has a refractive index anisotropy and a die- 
lectric constant anisotropy. This embodiment uses and 
example in which the dielectric constant anisotropy Ae 
(- e || (dielectric constant in parallel to a longer axis of 
the molecule) - e _L (dielectric constant in a direction per- 
pendicular to the longer axis of the molecu le)) is positive 
at a frequency f 1 1 , and the dielectric constant anisotropy 
Ae is negative at a frequency f12. Further, this embodi- 
ment uses an example in which a refractive index ani- 
sotropy no (ordinary refractive index) is substantially 
equal to the refractive index of the transparent material 
layer 21, and ne (extraordinary refractive index) is sub- 
stantially greater than the refractive index of the trans- 
parent material layer 21 . 

When an electric field having a frequency f 11 is ap- 
plied between the transparent electrodes 23 and 24 
from the driving device 25, Ae > 0. Consequently, the 
molecules of the variable refractive index material 22 
are aligned in parallel to a direction of the electric field, 
namely in perpendicular to the transparent electrodes 
23 and 24. Therefore, in view of a relationship between 
the transparent material layer 21 and the variable refrac- 
tive index material 22, the refractive index of the variable 
refractive index material 22 becomes substantially 
equal to the refractive index of the transparent material 
layer 21 . consequently, the light beam 26 incident into 
the optical device passes substantially without any var- 
iation, as output light beam 27. 

On the other hand, when an electric field having a 
frequency f 12 is applied between the transparent elec- 
trodes 23 and 24 from the driving device 25, Ae< 0. Con- 
sequently, the elements of the variable refractive index 
material 22 are aligned perpendicular to a direction of 
the electric field, namely parallel to the transparent elec- 
trodes 23 and 24. Therefore, in view of a relationship 
between the transparent material layer 21 and the var- 
iable refractive index material 22, the refractive index of 
the variable refractive index material 22 becomes great- 
er than the refractive index of the transparent material 
layer 21 . Here, a portion of the variable refractive index 
material 22 becomes in the shape of a convex fresnel 
lens. The optical device according to this embodiment 
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serves as a convex fresnel lens tor an incident light 
beam 26 as a polarized light beam parallel to the longer 
axis of the molecules of the variable refractive index ma- 
terial 22, and converges as a output light beam 28. 

In this embodiment, the focal length of the lens can 
be varied among optical properties of the optical device, 
by varying the refractive index of the variable refractive 
index material 22. 

In this embodiment, unlike the prior art shown in 
Figs. 1 to 5, a force exerted by the electric field 10 is 
mainly utilized by varying the alignment of the variable 
refractive index material 22 depending upon difference 
of the frequency of the applied voltage. Therefore, by 
increasing the intensity of the electric field, a variation 
speed can be extremely increased. 

Further, the alignment of the variable refractive in- 
dex material 22 is varied by the force exerted by the 
electric field, and the transparent electrode 23 is not pro- 
vided on the transparent material layer 21 on the side 
of the variable refractive index material 22. Therefore, 
in either alignment condition of the variable refractive 
index material 22, the influence of the surface configu- 
ration of the transparent material layer 21 becomes 
much smaller than that in the prior art shown in Figs. 1 
to 5, facilitating to uniform the variation amount of the 
focal length. 

Since the transparent electrode 23 is not provided 
on the transparent material layer 21 on the side of the 
variable refractive index material 22, it becomes unnec- 
essary to form the layer at the portion having a compli- 
cate configuration, thus facilitating a fabrication process 
to a greater degree than the prior art illustrated in Figs. 
1 to 5. 

Furthermore, since the transparent electrode 23 is 
not provided on the transparent material layer 21 on the 
side of the variable refractive index material 22, it be- 
comes easy to set the distance between the transparent 
electrodes 23 and 24 substantially equal. In addition, 
since the transparent material layer 21 is always present 
between the transparent electrodes 23 and 24, degra- 
dation of insulation, short-circuiting or the like which are 
liable to occur in the prior art of Figs. 1 to 5, can be suc- 
cessfully avoided. 

As set forth above, the refractive index of the trans- 
parent material layer and the ordinary refractive index 
(or extraordinary refractive index) of the variable refrac- 
tive index material, such as the liquid crystal or the like, 
are set to be substantially equal to each other, but this 
is not necessarily required to do so. Namely, setting the 
substantially equal refractive indexing corresponds to 
set the focal length close to infinite. However, if it is dif- 
ficult to set the refractive indexes at substantially equal 
values from the viewpoint of materials, or if the materials 
which allow setting of the refractive indexes at substan- 
tially equal value cannot be employed in relation with 
other physical property (dielectric constant anisotropy, 
refractive index anisotropy, temperature characteristics, 
mixing ability with catalyst, toxicity and so forth), it may 



be possible to set the focal length close to infinite by 
correction made by arranging other fixed focus lens at 
front or back side of the device. 

Thus, this embodiment can increase a driving 
s speed in comparison with the prior art, provides superior 
uniformity, easiness of fabrication, and thus can solve 
the problems in driving. 

Figs. 7 to 12 shows an embodiment employing a 
nematic liquid crystal as one example of this embodi- 
ment of the optical device according to the present in- 
vention. 

Here, as a material showing dielectric constant an- 
isotropy depending upon a frequency, such as variable 
refractive index material employed in the present inven- 
tion, there is a dual-frequency liquid crystal among the 
nematic liquid crystal. 

Fig. 7 shows a specific example of driving frequency 
dependency of the dielectric constant anisotropy Ae (= 
e|| -eJ_) of the dual-frequency liquid crystal. The example 
of the nematic liquid crystal shown herein is Ae > 0 at a 
low frequency, Ae becomes smaller gradually as the fre- 
quency becomes higher, and Ae < 0 at a high frequency 
range. Here, when Ae > 0, the longer axes of the mole- 
cules of the dual-frequency liquid crystal are aligned 
along the electric field, and when Ae < 0, the longer axes 
of the molecules of the dual-frequency liquid crystal are 
aligned perpendicularly to the electric field. Accordingly, 
by simply varying the frequency, the refractive index of 
the dual-frequency liquid crystal can be varied in a sub- 
stantially binary manner (n G and n e ), and thus the refrac- 
tive index cannot be varied sequentially. (It should be 
noted that it may be possible to vary the refractive index 
by a balance of the anchoring force of the alignment lay- 
er and the force of the electric field, but this may encoun- 
ter various problems as pointed out in the prior art.) 

Fig. 8 illustrates one example of a waveform of the 
driving voltage which can periodically vary the refractive 
index of the dual-frequency liquid crystal sequentially. 
An example is shown in which two frequencies f11 (Ae 
> 0) and f 1 2 (Ae < 0), at which signs of the Ae are differ- 
entiated, are used. In the driving method in this embod- 
iment, a voltage having a primary frequency at f 11 and 
a voltage having an equal amplitude to the former volt- 
age and having the primary frequency at f 1 2 are applied 
at a given duty ratio and a given period. 

when driven in this manner, the molecules of the 
dual-frequency liquid crystal sense and respond to a 
force for aligning the longer axes of the molecules along 
the electric field (upon application of the frequency f11) 
and to a force for aligning the longer axes of the mole- 
cules perpendicular to the electric field (upon application 
the frequency f12) periodically, alternately. 

If there is no other constraint, the liquid crystal 
should abruptly vary the property at a point switching 
between the frequencies f11 and f 12 and cannot make 
a practical analogue operation. However, in practice, 
there are constraint, such as viscosity, constraining 
force as crystal of the liquid crystal, such constraint may 
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balance with the periodically, alternating force to permit 
uniform analogue periodic aligning motions at a high 
speed over a wide range. 

It should be appreciated that, in this driving method, 
it is important to periodically apply the electric fields at 
f11 and f12 for a given period of time. Therefore, even 
when the electric fields at frequency f11 and frequency 
f 1 2 are applied respectively for one time only, uniformity 
may be degraded or divergence is increased to reduce 
practicality as a varifocal lens. By periodically applying 
the frequency f 1 1 and the frequency f 1 2 respectively for 
a given period, the foregoing balance may be estab- 
lished, and uniform operations over the wide range be- 
come possible. 

Fig. 9 shows one example of periodical sequential 
motions of the liquid crystal. Here, a prism shape is em- 
ployed as the surface configuration of the transparent 
material layer in the device illustrated in Fig. 6. 

Further, as driving frequencies, the low frequency 
f11 and the high frequency f 12 are used for driving like 
a rectangular wave as shown in Fig. 8. In this case, when 
the liquid crystal is aligned perpendicularly to the trans- 
parent electrode, the refractive index of the liquid crystal 
and the refractive index of the transparent material are 
substantially equal to each other. When the liquid crystal 
is aligned substantially parallel to the transparent elec- 
trode, the refractive index of the liquid crystal becomes 
greater than the refractive index of the transparent ma- 
terial. In Fig. 9, a horizontal axis represents a time from 
a timing of beginning of the high frequency f 12 (stand- 
ardized by a repetition period of f11 and f 12), and a ver- 
tical axis represents an output light beam variation angle 
(degree) caused by a variation of the refractive index. 

It becomes clear from Fig. 9 that as a phase increas- 
es, the variation angle of the incident light beam shows 
behaviors close to a sine wave and thus can be varied 
analogously. Further, the repetition period of two fre- 
quencies in. this example is substantially 20 ms. From 
this fact, the present invention significantly increases a 
resumption speed in comparison with several seconds 
achieved by the prior art. 

Fig. 10 shows a shape of the output light beam in 
the former example (instantaneous image at a certain 
timing). When a circular spot light beam is made incident 
as the incident light beam, the output light beam be- 
comes a similar spot shape at another time point. Since 
a similar spot image can be obtained at another timing, 
it becomes clear that the liquid crystal is making uniform 
alignment motions over a wide range. 

(Another Driving System of Optical device) 

Fig. 11 shows another example of the waveform of 
the driving voltage which may sequentially vary the re- 
fractive index of the liquid crystal. Similarly, as explained 
with Fig. 8, two frequencies f 1 1 (Ae < 0) and f 1 2 (Ae > 0) 
at which the signs of Ae are different in Fig. 1 1 . However, 
in Fig. 8, voltages of the frequencies f 1 1 and f 12 having 



equal amplitudes are applied at a given duty ratio and 
interval. Here, supply of voltage is temporarily stopped 
at a desired phase at an intermediate timing in the in- 
terval and subsequently resumed. 
s When supply of the voltage is temporarily stopped, 
the molecules of the dual-frequency liquid crystal may 
stop at the inclination corresponding to the stopped 
phase, and maintains the inclined condition until align- 
ment is gradually disturbed by fluctuation due to an an- 
choring force of the alignment layer or temperature and 
so forth. A time elapses before the disturbance of the 
alignment occurs due to fluctuation due to anchoring 
force of the alignment layer or temperature and so forth. 
It is normally takes several seconds or more. Accord- 
ingly, by resuming supply of voltage within this time pe- 
riod, the disturbance of the alignment can be kept at a 
suppressed condition. Furthermore, such small distur- 
bance of the alignment can be corrected by resumption 
of the voltage supply for the given time period. By driving 
the liquid crystal in the manner set forth above, it be- 
comes necessary to regularly provide a given refresh 
time for correcting disturbance, but a high speed varia- 
tion of the refractive index not necessarily periodic can 
be achieved. 

(Case in which Optical devices are Arranged in Matrix) 

Fig. 1 2 shows one example of devices, to which the 
above-described driving method is applied. Fig. 12 
shows a device 32, in which a plurality of cells 31 are 
arranged in matrix form. As a driving sequence, at first, 
(1) after a given period of a refreshing operation (peri- 
odic operation shown in Fig. 8), (2) voltage supply for 
respective cells is stopped at phases respectively cor- 
responding to the desired variations of the refractive in- 
dexes of respective cells. Then, after the given period 
in each cell, refreshing operation is resumed. By repeat- 
ing such manner of driving, the matrix device 32 formed 
with a plurality of cells can be driven. 

Here, the waveform of the driving voltage is not lim- 
ited to a sine wave. Needless to say, the rectangular 
wave or saw-tooth wave including the frequencies f11 
and f 1 2 as primary frequencies are also applicable. Fur- 
ther, it is also possible to make the amplitude very peri- 
odically. Furthermore, this embodiment employs two 
frequencies, but a greater number of frequencies may 
be employed as a matter of course. 

Since the electric field is the major factor for causing 
a change in a refractive index in the driving method ac- 
cording to this embodiment, it becomes possible to fur- 
ther increase a variation in the liquid crystal alignment 
condition by increasing the amplitude of the applied volt- 
age. Namely, the period of variation of the refractive in- 
dex in this driving method can be accelerated up to sev- 
eral ms to several tens ms in contrast to several sec. in 
the prior art. This speed is sufficiently high even when 
the distance between the transparent electrodes be- 
comes several hundreds ujt» in the construction shown 
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in Fig. 6. 

(Another Embodiment of the Optical device) 

Figs. 1 3 to 1 8 show another embodiment of the op- 
tical device according to the present invention. In these 
drawings, like portions as in the device shown in Fig. 6 
will be represented by the same reference numerals. 
Namely, reference numeral 22 denotes a variable re- 
fractive index material. Reference numerals 23 and 24 
denote transparent electrodes. Reference numerals 25 
and 41 denote a driving device and a transparent ma- 
terial layer, respectively. 

As set forth above, the variable refractive index ma- 
terial 22 has refractive index anisotropy and dielectric 
constant anisotropy. The dielectric constant anisotropy 
is that Ae > 0 at the frequency f11 and Ae < 0 at the fre- 
quency f12. Further, the refractive index anisotropy is 
that no (ordinary refractive index) is substantially equal 
to the refractive index of the transparent material layer 
41 , and n e (extraordinary refractive index) is substan- 
tially greater than the refractive index of the transparent 
material layer 41 . 

In the embodiment of Figs. 1 3 to 1 8, when the dual- 
frequency driven liquid crystal of the nematic liquid crys- 
tal is employed as the variable refractive index material, 
as the driving voltage from the driving device, those 
shown in Figs. 7 to 1 2 may be used. 

In Fig. 1 3, the surface configuration of the transpar- 
ent material layer 41 is in a convex lens shape. When 
the frequency f11 is applied, the molecules of the vari- 
able refractive index material 22 is aligned in parallel to 
the direction of the electric field, namely in a direction 
perpendicular to the transparent electrodes 23 and 24. 
Therefore, in view of the relationship between the re- 
fractive index of the variable refractive index material 22 
and the refractive index of the transparent material layer 
41 , the refractive index of the variable refractive index 
material 22 becomes substantially equal to the refrac- 
tive index of the transparent material layer 41 . Accord- 
ingly, the light beam 42 incident into this device substan- 
tially passes therethrough to be outputted as the output 
light beam 43 without change. 

On the other hand, when frequency f12 is applied, 
the molecules of the variable refractive index material 
22 is aligned in the direction perpendicular to the electric 
field, namely in parallel to the transparent electrodes 23 
and 24. Therefore, based upon the relationship between 
the refractive index of the variable refractive index ma- 
terial 22 and the refractive index of the transparent ma- 
terial layer 41 , the refractive index of the variable refrac- 
tive index material 22 becomes substantially greater 
than the refractive index of the transparent material lay- 
er 41 . Here, a portion of the variable refractive index ma- 
terial 22 becomes 'a concave lens. Therefore, with re- 
spect to the incident light beam 42 polarized in parallel 
to the longer axis of the molecules of the variable refrac- 
tive index material 22 of this device, this embodiment 



serves as a concave lens to cause an output light beam 
44. 

As set forth above; in the example of Fig. 1 3, by 
varying the refractive index of the variable refractive in- 
5 dex material 22, the focal length of the concave lens can 
be varied. 

Fig. 14 shows a further embodiment of the optical 
device according to the present invention. Here is 
shown an example, in which a transparent material layer 
45 having surface configuration in the shape of a con- 
cave lens. 

When the frequency f11 is applied to this device, 
the refractive index of the variable refractive index ma- 
terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 45 likewise as in 
the embodiment shown in Fig. 13. Then, the incident 
light beam 42 passes therethrough and outputted as the 
output light beam 43 with substantially no change. 

On the other hand, when the frequency 112 is ap- 
plied, the refractive index of the variable refractive index 
material 22 becomes greater than the refractive index 
of the transparent material layer 45 as in Fig. 13. Here, 
since a portion of the variable refractive index material 
22 is formed into the convex lens shaped configuration, 
this embodiment serves as the convex lens with respect 
to the incident light beam polarized in parallel to the 
longer axis of the molecule of the variable refractive in- 
dex material 22 to converge the light beam as the output 
light beam 46. 

Thus, in the embodiment of Fig. 14, by varying the 
refractive index of the variable refractive index material 
22, the focal length of the convex lens can be varied. 

Fig. 1 5 shows a still further embodiment of this em- 
bodiment of the optical device according to the present 
invention. Here, a transparent material layer 47 having 
a convex fresnel lens surface configuration is employed 
in the embodiment of Fig. 1 3. 

When the frequency f11 is applied to this device, 
the refractive index of the variable refractive index ma- 
terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 47 likewise in Fig. 
13. Then, the incident light beam 42 passes there- 
through and outputted as the output light beam 43 with 
substantially no change. 

On the other hand, when the frequency f12 is ap- 
plied, the refractive index of the variable refractive index 
material 22 becomes greater than the refractive index 
of the transparent material layer 47 likewise in Fig. 13. 
Here, since a portion of the variable refractive index ma- 
terial 22 is formed into the concave fresnel lens shaped 
configuration, this embodiment serves as the concave 
fresnel lens for the light beam inciding with a deflection 
in parallel to the longer axis of the molecule of the var- 
iable refractive index material 22 to diverge the light 
beam as the output light beam 48. 

Thus, in the embodiment of Fig. 15, by varying the 
refractive index of the variable refractive index material 
22, the focal length of the concave fresnel lens can be 
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varied. 

Fig. 1 6 shows a yet further embodiment of the show 
embodiment of the optical device according to the 
present invention. Here, a transparent material layer 49 
having a prism array like surface configuration is em- 
ployed in the embodiment of Fig. 13. 

When the frequency f11 is applied to this device, 
the refractive index of the variable refractive index ma- 
terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 49 likewise as in 
Fig. 13. Then, the incident light beam 42 passes there- 
through and outputted as the output light beam 43 with 
substantially no change. 

On the other hand, when the frequency f12 is ap- 
plied, the refractive index of the variable refractive index 
material 22 becomes greater than the refractive index 
of the transparent material layer 49 likewise as in Fig. 
13. With respect to the incident light beam polarized in 
parallel to the longer axis of the molecule of the variable 
refractive index material 22, this embodiment serves as 
a deflection molecule for deflecting the light beam de- 
pending upon the difference in the refractive indexes 
and inclination of the prism to deflect the light as the 
output light beam 50. 

Thus, in the embodiment of Fig. 16, by varying the 
refractive index of the variable refractive index material 
22, the deflection angle of the deflection molecule can 
be varied. 

Fig. 1 7 shows a yet further embodiment of the show 
embodiment of the optical device according to the 
present invention. Here, a transparent material layer 51 
having surface configuration in the shape of a concave 
lenticular lens is employed in the embodiment of Fig. 1 3. 

When the frequency f11 is applied to this device, 
similarly to the embodiment shown in Fig. 13, the refrac- 
tive index of the variable refractive index material 22 be- 
comes substantially equal to the refractive index of the 
transparent material layer 51. Then, the incident light 
beam 42 passes therethrough and outputted as the out- 
put light beam 43 with substantially no change. 

Oh the other hand, when the frequency f12 is ap- 
plied, the refractive index of the variable refractive index 
material 22 becomes greater than the refractive index 
of the transparent material layer 51 as in Fig. 13. Here, 
since a portion of the variable refractive index material 
22 is formed into the convex lenticular lens shaped con- 
figuration, this embodiment serves as the convex len- 
ticular lens with respect to the incident light beam polar- 
ized in parallel to the longer axis of the molecule of the 
variable refractive index material 22 to diverge the light 
beam as the output light beam 52. 

Thus, in the embodiment of Fig. 17, by varying the 
refractive index of the variable refractive index material 
22, the focal length and diverting angle of the lenticular 
lens can be varied. 

Fig. 18 shows a yet further embodiment of the op- 
tical device according to the present invention. Here, a 
transparent material layer 53 having a diffraction grating 



like surface configuration is employed in the embodi- 
ment of Fig. 1 3. 

When the frequency f11 is applied to this device, 
the refractive index of the variable refractive index ma- 
s terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 53 as in the em- 
bodiment shown in Fig. 1 3. Then, the incident light beam 
42 passes therethrough and outputted as the output 
light beam 43 with substantially no change. 

On the other hand, when the frequency f 12 is ap- 
plied, the refractive index of the variable refractive index 
material 22 becomes greater than the refractive index 
of the transparent material layer 53 as in Fig. 13. Here, 
since a portion of the variable refractive index material 
22 is formed into the diffraction index shaped configu- 
ration, this embodiment serves as the diffraction grating 
with respect to the incident light beam polarized in par- 
allel to the longer axis of the molecule of the variable 
refractive index material 22 to diffract the light beam as 
the output light beam 54. 

Thus, in the embodiment of Fig. 18, by varying the 
refractive index of the variable refractive index material 
22, a difference in the refractive index in the diffraction 
grating can be varied, and thus can vary the intensity of 
the diffracted light beam. 

(Second Embodiment of the Optical device) 

Fig. 1 9 shows another example of the second em- 
bodiment of the optical device according to the present 
invention. In the drawing, like components as those in 
the device of Fig. 6 will be denoted by like reference 
numerals. Namely, reference numeral 21 denotes a 
transparent material layer, 22 denotes a variable refrac- 
tive index material, 23 and 24 denote transparent elec- 
trodes, 25 denotes a driving device, 61 denotes an align- 
ment layer. The alignment layer 61 is formed of polyim- 
ide, PVA, PVB, inclined evaporation deposition SiO and 
so forth, and is formed on the surface of the transparent 
electrode 24 on the side of the variable refractive index 
material 22. By processing the alignment layer 61 by 
rubbing method or the like, the variable refractive index 
material, i.e. the liquid crystal 22 in this case, can be 
aligned in a given direction. 

By the construction and process set forth above, in 
the driving condition where the liquid crystal 22 is 
aligned to be parallel to the alignment layer 61 , the liquid 
crystal 22 can be placed in uniformly aligned condition 
in a wide domain region. Because of this, a change in 
the refractive index of the liquid crystal 22 can efficiently 
propagate to the incident light beam. Further, it becomes 
possible to prevent diverting due to randomly orienting 
the molecules of liquid crystal 22 and opaquing resulting 
therefrom. 

By applying the alignment layer including polyimide, 
PVA, PVB, inclined evaporation deposition SiO and so 
forth on the surface of the transparent material layer 21 
on the side of the liquid crystal 22, and providing the 
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aligning process by a rubbing method and the like, align- 
ment ability of the liquid crystal 22 on the side of the 
transparent material layer 21 can be improved. Further, 
when the transparent material layer 21 is formed by a 
replica method (a method for obtaining a replica of a die 
of metal, glass, plastic or the like), it is possible to di- 
rectly align the liquid in the case of a certain direction of 
peeling off of the replica. In this case, since it becomes 
unnecessary to apply a special layer or to subject the 
surface having unevenness to the alignment process, 
fabrication of this device can be facilitated. 

Further, by coating a vertical alignment material on 
the surface of the transparent material layer 21 on the 
side of the liquid crystal 22, the liquid crystal 22 on the 
side of the transparent material layer 21 can be aligned 
vertically. The liquid crystal 22 on the side of the trans- 
parent material layer 21 can be aligned to be oriented 
close to vertical by applying a material containing a 
group of fluorine or the like and having a low wettability 
with the liquid crystal material on the surface of the 
transparent material layer 21. In such cases, it is suffi- 
cient to coat the layer. It is not required to subject the 
surface having unevenness to the alignment process, 
fabrication of this device can be facilitated. 

In the optical device shown in Fig. 1 9, as the varia- 
ble refractive index material, the dual-frequency liquid 
crystal may also be used, for example. With such struc- 
ture, in the vicinity of the transparent electrode, on which 
the alignment layer is arranged, the molecule of the du- 
al-frequency liquid crystal (variable refractive index ma- 
terial) in the vicinity thereof can be aligned in a given 
orientation by carrying out the alignment process such 
as a rubbing method or the like. However, since no par- 
ticular alignment process is applied in the vicinity of the 
transparent material layer, alignment orientation of the 
dual-frequency liquid crystal may differ from one portion 
to another portion so that the variation in the refractive 
index cannot satisfactorily propagate to the incident light 
beam to make it difficult to obtain the effect of varifocal 
point. 

However, even in the case of such construction, by 
making the light beam incident from the side where the 
ordering of the liquid crystal has higher uniformity (e.g. 
side where the alignment layer is formed), this problem 
can be solved. Namely, by matching the polarized con- 
dition of the incident light beam with the alignment ori- 
entation, variation in the refractive index can effectively 
propagate to the incident light beam. This is based on 
the optical rotation property of the liquid crystal. When 
the alignment orientation of the molecules of the liquid 
crystal is varied toward the direction of the incident light 
beam at a lower speed in comparison with the wave- 
length, the polarizing direction of the incident light beam 
is varied following a variation in the alignment orienta- 
tion of the molecules of the liquid crystal. (For example, 
when the alignment orientation of the liquid crystal is 
varied counterclockwise, the polarizing direction of the 
incident light beam is also varied counterclockwise. 



Therefore, even when the alignment orientation is 
made different from one position to another position in 
the vicinity in the transparent material layer, the incident 
light beam may sufficiently sense the variation in the re- 

5 tractive index. 

Such construction can dispense with the need to 
apply a special layer or the need to subject the surface 
having unevenness to alignment process, thereby facil- 
itating fabrication of this device. 

10 Fig. 20 shows an embodiment of the optical device 
according to the invention. Namely, reference numerals 
71 and 72 denote optical devices having the alignment 
layer as discussed with respect to Fig. 1 9. By arranging 
the alignment layers in series in a manner such that they 

15 mutually intersect each other at right angles substantial- 
ly, various functions can be achieved irrespective of the 
polarizing condition of the incident light beam. 

Fig. 21 shows another embodiment of the optical 
device according to the invention. This embodiment of 

20 the optical device comprises a variable refractive index 
material 81 formed of a transparent material including 
the liquid crystal, a plurality of transparent electrodes 82 
and 83 sandwiching the variable refractive index mate- 
rial 81 and formed of ITO or SnOx, and a driving device 

25 84 for driving these components. Here, in the embodi- 
ment of Fig. 21 , there is shown one example of the active 
optical device which is directed to providing a device for 
varying a light beam phase. 

In the embodiment of Fig. 21 , the variable refractive 

30 index material 81 has refractive index anisotropy and 
dielectric constant anisotropy. As the dielectric constant 
anisotropy, Ae (= e|| (dielectric constant in parallel to the 
longer axis of the molecule) - e _L (dielectric constant in 
an orientation perpendicular to the longer axis of the 

35 molecule) is positive at the frequency f11 , Ae becomes 
negative at the frequency f12. Further, as the refractive 
index anisotropy, no (ordinary refractive index) is sub- 
stantially smaller than n e (extraordinary refractive in- 
dex). 

40 When an electric field having a frequency f 31 is ap- 
plied to the transparent electrodes 83 and 84 by the driv- 
ing device 84, Ae > 0. Thus, the molecules of the variable 
refractive index material 81 is aligned in a direction par- 
allel to the electric field, i.e. in the orientation perpendic- 

45 ular to the transparent electrodes 82 and 83. Therefore, 
* the refractive index of the variable refractive index ma- 
terial 81 becomes n Q so that a phase shift associated 
with the incident light beam occurs corresponding to a 
product of the refractive index and the thickness of the 

50 layer. 

On the other hand, when the driving device 84 ap- 
plies the electric field having a frequency f32 to the 
transparent electrodes 82 and 83, Ae < 0. Consequently, 
the molecule of the variable refractive index material 81 
55 is aligned perpendicularly to the direction of the electric 
field, i.e., in parallel to the transparent electrodes 82 and 
83. Thus, the refractive index of the variable refractive 
index material 81 becomes n e to be greater than that in 
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n Q . Therefore, the phase shift of the incident light beam 
85 becomes greater in comparison with that at the fre- 
quency 131, 

In this embodiment described above, by varying the 
refractive index of the variable refractive index material 
81, the phase shift of the light beam can be varied 
among the optical properties of the optical device. 

(Another Driving Method of Optical device) 

Figs. 22 and 23 show another embodiment of the 
optical device according to the invention, illustrating an 
example of the driving voltage waveform which may se- 
quentially vary the optical property. Fig. 22 illustrates a 
sine wave, while Fig. 23 illustrates a rectangular wave. 
In this embodiment, a voltage Vss (in the case of the 
sine wave) or a voltage Vrr (in case of the rectangular 
wave), in which a voltage Vsl (in the case of the sine 
wave) or a voltage Vr1 (in case of the rectangular wave) 
having the frequency f31 as the primary frequency, and 
a voltage Vs2 (in the case of the sine wave) or a voltage 
Vr2 (in case of the rectangular wave) having the fre- 
quency f 32 as the primary frequency are superimposed 
on a certain voltage ratio. 

By driving with the driving voltages as set forth 
above, the molecules of the liquid crystal are simultane- 
ously subject to a force for aligning the longer axis along 
the electric field (upon application of the frequency f 31 ) 
and a force for aligning the longer axis perpendicular to 
the electric field (upon application of the frequency f32) 
in a ratio corresponding to the foregoing voltage ratio. 
Therefore, the molecules of the variable refractive index 
material 81 are aligned to be inclined from the electric 
field direction at an angle where the forces in opposite 
directions balance. Therefore, the refractive index can 
be varied sequentially at high speed. Further, the fore- 
going action may be combined with the constraining 
force of the liquid crystal as the crystal thereby to permit 
substantially uniform alignment action of the liquid crys- 
tal at a high speed over a wide domain region. 

Here, the waveform of driving voltage is not neces- 
sarily the sine wave or rectangular wave and may be the 
saw-toothed wave containing the foregoing frequencies 
f31 and f 32 as primary frequencies. Further, it should be 
clear to provide a variation of the amplitude with time. 
Furthermore, two frequencies are used in this embodi- 
ment, a greater number of frequencies may also be 
used. 

Since the primary factor to cause refractive index in 
this embodiment of the driving method is the electric 
field, a higher speeding can be achieved by increasing 
the amplitude. Namely, even when the distance be- 
tween the transparent electrodes is wide in the order of 
several hundreds ujti, the dual-frequency liquid crystal 
can vary the refractive index at a several tens ms or less 
of a response speed. 

Figs. 24 and 25 show one example of the foregoing 
driving method for the optical device. In the drawings, 



like components as in the device of Fig. 21 will be de- 
noted by the like reference numerals. Namely, reference 
numeral 81 denotes the variable refractive index mate- 
rial. Reference numerals 82 and 83 denote transparent 

5 electrodes. 84 denotes the driving device and 86 de- 
notes a transparent material layer. 

The transparent material layer 86 is formed of a 
transparent polymer, glass or the like with a desired 
curved surface configuration and disposed between the 

10 transparent electrodes 82 and 83. 

In this embodiment, as one example of the active 
optical device, a planar convex lens with variable focal 
length (focal length is positive) is provided. For example, 
when the refractive index of the variable refractive index 

15 material 81 is substantially greater than the refractive 
index of the transparent material layer 86, the variable 
refractive index material 81 may be formed in the shape 
of a convex lens. Accordingly, the surface configuration 
of the transparent material layer 86 on the side of the 

20 variable refractive index material 81 may be in the shape 
of a concave fresnel lens. Needless to say, if the refrac- 
tive index of the variable refractive index material 81 is 
substantially smaller than the refractive index of the 
transparent material layer 86, the surface configuration 

25 of the transparent material layer 86 on the side of the 
variable refractive index material 81 may be in the shape 
of a convex fresnel lens. 

In this embodiment, the variable refractive index 
material 81 has refractive index anisotropy and dielec- 

30 trie constant anisotropy. As the refractive index anisot- 
ropy, Ae > 0 at the frequency f31 and Ae < 0 at the fre- 
quency f32. Further, in this embodiment, the dielectric 
constant anisotropy is such that n c is substantially equal 
to the refractive index of the transparent material layer 

35 86 and n e is substantially greater than the refractive in- 
dex of the transparent material layer 86. 

When the electric field having frequency f31 is ap- 
plied between the transparent electrodes 82 and 83 
from the driving device 84, Ae > 0. Consequently, the 

40 molecules of the variable refractive index material 81 
are aligned in parallel to the electric field, i.e. in a direc- 
tion perpendicular to the transparent electrodes 82 and 
83. Therefore, from the relationship between the refrac- 
tive indexes of the transparent material layer 86 and the 

45 variable refractive index material 81 , the refractive index 
of the variable refractive index material 81 becomes 
substantially equal to the refractive index of the trans- 
parent material layer 86. Accordingly, the light beam in- 
cident into this embodiment of the optical device accord- 

50 ing to the invention, may be outputted as an output light 
beam 87 with substantially no change. 

On the other hand, when the electric field having 
frequency f32 is applied between the transparent elec- 
trodes 82 and 83 from the driving device 84, Ae < 0. Con- 

55 sequently, the molecules of the variable refractive index 
material 81 are aligned perpendicular to the electric 
field, i.e. in parallel to the transparent electrodes 82 and 
83. Therefore, from the relationship between the ref rac- 
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tive indexes of the transparent material layer 86 and of 
the variable refractive index material 81, the refractive 
index of the variable refractive index material 81 be- 
comes greater than the refractive index of the transpar- 
ent material layer 86. Here, since the portion of the var- 5 
iable refractive index material 81 is shaped into a convex 
fresnel lens. This device serves as the convex fresnel 
lens with respect to the light beam 85 polarized in par- 
allel to the longer axis of the molecule to make it con- 
verge as the output light beam 88. 

As set forth above, in this embodiment, the focal 
length of the lens can be varied, by varying the refractive 
index of the variable refractive index material 81, 
amongst the optical properties of the optical device. 

However, as set forth above, it is not possible to vary 
the refractive index to an intermediate value between n 0 
and n e by simply varying the frequency, and thus optical 
property of the optical device, such as the local length 
of the lens, cannot be varied to the intermediate value. 

Sequential variation of the optical property of the 
optical device can be obtained by applying the voltage 
V31 having the frequency f31 as primary frequency 
thereof and the voltage V32 having the frequency f32 
as primary f requency thereof in a superimposing man- 
ner at a certain voltage ratio. At this time, the molecule 
of the dual-frequency liquid crystal is aligned in an in- 
clined orientation where the forces in the opposite direc- 
tions are balanced. Further, the constraining force of the 
liquid crystal as the crystal is combined with the action 
set forth above, so that uniform and high speed align- 
ment operations of the liquid crystal become possible, 
thus enabling to uniformly vary the optical property. 

Fig. 25 shows one example of a sequential variation 
in the optical property. In this example, the surface of 
the transparent material layer is configured in the shape 
of a prism. A horizontal axis represents a voltage ratio 
(V32/(V31 + V32)) of the voltage V31 having the fre- 
quency f31 as the primary frequency thereof and the 
voltage V32 having the frequency f 31 as the primary fre^ 
quency thereof. The vertical axis represents a variation 
of the deflection angle of the output light beam with a 
variation in the refractive index (V32/(V31 + V32)). From 
Fig. 25, it is seen that the deflection angle of the output 
light beam varies analoge with the increase in the volt- 
age ratio (V32/(V31 + V32)). It should be noted that the 
shape of the output light beam is similar to that of Fig. 
10. From this, it becomes clear that the liquid crystal 
makes substantially uniform alignment actions over a 
wide range. 

Here, the driving voltage to be applied is not nec- 
essarily the sine wave. Needless to say, the rectangular 
wave or saw-tooth wave including the frequencies f31 
and f32 as primary frequencies are also applicable. Fur- 
ther, it is clear that the amplitude may vary with time. 
Furthermore, this embodiment employs two frequen- 
cies, but a greater number of frequencies may be also 
employed. 

Since the electric field is a major factor for causing 



a variation in a refractive index in the driving method 
according to this embodiment, it becomes possible to 
further accelerate the speed of varying the liquid crystal 
alignment condition by increasing the amplitude of the 
applied voltage. More specifically, the speed of several 
1 0 ms or less as a response speed in the refractive index 
variation of the dual-frequency liquid crystal can be 
achieved even when the distance between the transpar- 
ent electrodes reaches several hundreds jim. 

Furthermore, since the alignment of the variable re- 
fractive index material 81 is varied by the electric field 
and the transparent electrode 82 is not provided on the 
transparent material layer 86 on the side of the variable 
refractive index material 81 , it becomes unnecessary to 
form the layer on portions of complicated configuration. 
Therefore, fabrication can be facilitated in comparison 
with the conventional device shown in Figs. 1 to 5. 

Furthermore, the transparent electrode 82 is not 
provided on the transparent material layer 86 on the side 
of the variable refractive index material 81 , it facilitating 
to make a substantially equal distance between the 
transparent electrodes 82 and 83 at entire areas. Fur- 
thermore, the transparent material layer 86 essentially 
lies between the transparent electrodes 82 and 83, ef- 
fectively preventing degradation of insulation, short cir- 
cuit and so forth, unlike the device of Figs. 1 to 5. 

As set forth above, in comparison with the prior art, 
this embodiment can speed up driving with uniformity, 
can facilitate fabrication, and solve the driving problem 
associated with the prior art. 

Fig. 26 shows a further embodiment of the second 
embodiment of the optical device according to the in- 
vention. 

An example is given in which two frequencies f31 
(Ae > 0) and f32 (Ae < 0) using the differentiated signs 
of Ae, and the dual-frequency liquid crystal is used as 
the variable refractive index material. Further, there are 
the sine wave is used in one case and the rectangular 
wave is used in the other case. 

In this embodiment of the driving method, the volt- 
age having the frequency f31 as the primary frequency 
and the voltage having the frequency f32 as the primary 
frequency are applied in a superimposing manner at a 
certain voltage ratio. In addition, supply of the voltage 
is temporarily stopped at a certain timing and subse- 
quently resume supply of the voltage. 

When supply of the voltage is temporarily stopped, 
the molecules of the dual-frequency liquid crystal stop 
at the inclination corresponding to the stopped phase, 
and maintain the inclined condition until alignment is 
gradually disturbed by fluctuation due to anchoring force 
of the alignment layer or temperature and so forth. A 
time period elapses before disturbance of the alignment 
occurs due to fluctuation due to anchoring force of the 
alignment layer or temperature and so forth. It is nor- 
mally takes several seconds or more. Accordingly, by 
resuming supply of voltage within this period, distur- 
bance of the alignment can be maintained as small as 
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possible. Furthermore, such small disturbance of the 
alignment can be corrected by resumption of the voltage 
supply for a predetermined interval. By driving the liquid 
crystal in the manner set forth above, it becomes nec- 
essary to regularly provide a given refresh time for cor- s 
recting disturbance, but a high speed variation in the re- 
fractive index can be achieved while eliminating the 
need to constantly apply a voltage. 

This driving method is also applicable for the device 
in which a plurality of cells are arranged in matrix form 10 
as shown in Fig. 12. In a driving sequence, at first, (1) 
after a predetermined interval of refreshing operation 
(shown in Figs. 22 and 23), (2) voltage supply to respec- 
tive cells is stopped at phases respectively correspond- 
ing to the desired variation in the refractive indexes of is 
respective cells. Then, after the predetermined interval 
in each cell, refreshing operation is resumed. By repeat- 
ing such driving operations, the matrix device 32 formed 
with a plurality of cells can be driven. 

Here, the driving voltage to be applied is not nec- 20 
essarily the sine wave. Needless to say, the rectangular 
wave or saw-tooth wave including the frequencies f31 
and f32 as primary frequencies are also applicable. Fur- 
ther, it is also possible to provide a periodic variation in 
the amplitude. Furthermore, this embodiment employs 25 
two frequencies, a greater number of frequencies may 
be employed as a matter of course. 

Since the electric field is the major factor for causing 
the variation in the refractive index in the driving method 
according to this embodiment, it becomes possible to 30 
further accelerate a speed of the variation in the liquid 
crystal alignment condition by increasing the amplitude 
of the applied voltage. More specifically, the period of 
the variation in the refractive index in this driving method 
can be speeded up, exceeding several ms to several 3$ 
tens ms from several sec. as has been convention. This 
speed is obtained when the distance between the trans- 
parent electrodes is as wide as several hundreds urn in 
the arrangement shown in Fig. 21 . It is evident that such 
arrangement permits the sufficient speed. *o 

The arrangements shown in Figs. 13 to 20 as de- 
scribed above may carry out driving operations by ap- 
plying the driving voltage having the frequency F31 as 
the primary frequency and the voltage having the fre- 
quency F32 as the primary frequency in a superimposed 45 
manner at a certain voltage ratio as described with re- 
spect to Figs. 22, 23, and 25. Alternatively, the arrange- 
ments shown in Figs. 13 to 20 as described above may 
carry out driving operations by applying the driving volt- 
age having the frequency F31 as the primary frequency so 
and the voltage having the frequency F32 as the primary 
frequency in a superimposed manner at a certain volt- 
age ratio and, further, temporarily stopping supply of the 
voltage at a certain moment, followed by resuming the 
supply of the voltage, as descried with respect to em- ss 
bodiment 13. 



(Fourth Embodiment of the Optica! device) 

The foregoing discussion relate to the embodi- 
ments in which two electrodes for driving the variable 
refractive index material are both transparent elec- 
trodes. However, it is advantageous that one of elec- 
trodes has a mirror surface, in some applications, for 
example, when an active mirror varying the optical prop- 
erty, such as a focal length, light beam deflection-angle 
and so forth, is required. It is also advantageous that 
this mirror uses a half mirror as an active half mirror var- 
ying the optical property, such as a focal length, light 
beam deflection angle and so forth. 

Fig. 27 shows one embodiment of the optical device 
according to the present invention. In the drawing, like 
components as in Fig. 6 will be identified by 'like refer- 
ence numerals. Reference numeral 21 denotes the 
transparent material layer, 22 denotes a variable refrac- 
tive index material, 23 denotes the transparent elec- 
trode, and 91 denotes an electrode. 

The electrode 91 has a mirror surface formed in 
place of the transparent electrode 24 in the device of 
Fig. 6. The electrode 91 may be formed of metal, such 
as an aluminum film, chromium film or the like. 

In the arrangement set forth above, when the fre- 
quency f11 is applied from a driving device not shown, 
the refractive index of the variable refractive index ma- 
terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 21 likewise as in 
the first embodiment. Then, the incident light beam 92 
incident from the side of the transparent electrode 23 
reaches the electrode 91 with no substantial variation, 
and is reflected therefrom to be outputted from the trans- 
parent electrode 23 as an output light beam 93. 

On the other hand, When the frequency f 1 2 is ap- 
plied, the incident light beam is subject to optical effect, 
such as lens effect, deflection effect and the like de- 
pending upon a variation in the refractive index of the 
variable refractive index material 22 to reach the elec- 
trode 91, and is reflected back therefrom to be again 
subject to the similar optical effect to be outputted from 
the side of the transparent electrode 23 as an output 
light beam 94. 

Thus, in the embodiment of Fig. 18, by varying the 
refractive index of the variable refractive index material 
22, a varifocal mirror or a variable deflection angle mirror 
can be implemented. 

Fig. 28 shows another embodiment of the optical 
device. In this embodiment, an electrode 95 formed with 
a half mirror is used in place of the electrode 91 in the 
embodiment of Fig. 27. More specifically, the electrode 
95 has a laminated layer of an ITO film and a metal thin 
film, a multi-layer film of a metal thin film and an insula- 
tion film and so forth, and passes a part of the incident 
light beam and reflect a remaining part of the incident 
light beam. 

In the arrangement set forth above, when the fre- 
quency f11 is applied from a driving device not shown, 
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the refractive index of the variable refractive index ma- 
terial 22 becomes substantially equal to the refractive 
index of the transparent material layer 21 as in the first 
embodiment. Then, the incident light beam 92 incident 
from the side of the transparent electrode 23 passes 
through to reach the electrode 95 with no substantial 
variation. A part of the light beam 95 reaching the elec- 
trode 95 passes through the electrode to be outputted 
as the output light beam 96a, and the remaining part of 
the light beam 95 is reflected back therefrom to be out- 
putted through the transparent electrode 23 as an output 
light beam 96b. 

On the other hand, when the frequency f 1 2 is ap- 
plied, the incident light beam is subject to optical effect, 
such as lens effect, deflection effect or the like depend- 
ing upon a variation in the refractive index of the variable 
refractive index material 22 and reaches the electrode 
95, Then, a part of the light beam passes through the 
electrode 95 to be outputted as an output light beam 
97a, the remaining part of the light beam 95 is reflected 
back therefrom to be again subject to the similar optical 
effect to be outputted through the side of the transparent 
electrode 23 as an output light beam 97b. 

Thus, in this embodiment, by varying the refractive 
index of the variable refractive index material 22, the 
varifocal mirror and the variable deflection angle trans-, 
parent optical device can be achieved simultaneously. 
Further, when the incident light beam is made incident 
from the side of the electrode 95, a varifocal lens, a sim- 
ple mirror and a variable deflection angle transparent 
optical device can be achieved simultaneously. 

Fig. 29 shows a further embodiment of the optical 
device according to the invention. Here, an electrode 98 
formed with a half mirror is employed in place of the 
transparent electrode 23 in the embodiment shown in 
Fig. 27. More specifically, the electrode 98 has a lami- 
nated layer of an ITO film and a metal thin film, a multi- 
layer film of a thin metal film and an insulation film and 
so forth, and passes a part of the incident light beam 
and reflects a remaining part of the incident light beam, 
like the electrode 95. 

In the arrangement set forth above, when the inci- 
dent light beam 92 is made incident from the side of the 
electrode 98, a part of the light beam is reflected back 
from the electrode 98 and a remaining light beam is 
made incident through the transparent material layer 21 
and the variable refractive index material 22. 

At this time, when the frequency f11 is applied from 
a deriving device not shown, the refractive index of the 
variable refractive index material 22 becomes substan- 
tially equal to the refractive index of the transparent ma- 
terial layer 21 as in the first embodiment. Then, the in- 
cident light beam 92 incident from the side of the trans- 
parent electrode 23 passes through and reaches the 
electrode 91 with no substantial change, and is reflected 
back therefrom to reach the electrode 98 again. Then, 
a part of the reflected light beam is again reflected back 
from the electrode and the remaining light beam is out- 



putted. The same process is repeated. However, in this 
case, since the light beam is subject to no optical effect, 
the output light beam 92 becomes mere reflected light 
beam. 

s On the other hand, when the frequency f12 is ap- 

plied, the incident light beam is subject to optical effect, 
such as lens effect, deflection effect or the like depend- 
ing upon a variation in the refractive index of the variable 
refractive index material 22 and reaches the electrode 
91 , and is reflected back therefrom. The reflected light 
beam is again subject to the similar optical effect and 
reaches the electrode 98. Then, a part of the reflected 
light beam is reflected back and the remaining is output- 
ted therethrough. The foregoing process is repeated. 
Whenever the process is repeated, the reflected light 
beam is subject to the same optical effect. Therefore, 
the greater optical effect becomes, the greater the 
number of repetition becomes. Thus, the output light 
beam 99 subjected to the greater optical effect is out- 
putted. 

Thus, in this embodiment, by varying the refractive 
index of the variable refractive index material 22, it be- 
comes possible to provide a lens having a plurality of 
focal points and the variable focal points, optical devices 
having a plurality of deflection angles and the variable 
deflection angles, or the like. At this time, the number of 
the focal points and the deflection angles to be achieved 
simultaneously can be substantially determined by ad- 
justing a ratio of passing to reflecting of the electrode 98. 

(Another Driving Method of the Optical device) 

In the optical device shown in Fig. 6, with the in- 
crease of the frequency of the voltage to be applied to 
the electrodes 23 and 24 (the frequency thereof is suf- 
ficiently higher than the frequency corresponding to a 
response speed of the molecules of the liquid crystal, i. 
e. the frequency to which the molecule of the liquid crys- 
tal cannot respond, e.g. several Hz to several tens Hz), 
the voltage reaches a level VA at which Frederick tran- 
sition takes place. At the voltage higher than or equal to 
VA, the molecule of the liquid crystal begins to be 
aligned in a perpendicular direction from the orientation 
in parallel to the electrode due to dielectric constant an- 
isotropy of the molecule of the liquid crystal. By further 
increasing the applied voltage, the molecules of the liq- 
uid crystal are statistically aligned in perpendicular di- 
rection to the electrode (such given voltage is defined 
as VT). 

Conventionally, since the liquid crystal layer is driv- 
en by varying the voltage between the voltage VT and 
the voltage lower than or equal to VA (normally 0V), the 
driving speed cannot be increased. In contrast, the driv- 
ing method according to this embodiment can drive the 
liquid crystal layer 22 at and increased speed by apply- 
ing a voltage higher than or equal to the voltage VT. 

When such high voltage is applied, the liquid crystal 
becomes statistically unstable to cause electrofluid dy- 
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namic motion. Because of this, the molecules of the liq- 
uid crystal effectively sway between an orientation per- 
pendicular to the electrode and an orientation slightly 
inclined from the perpendicular position. Such sway mo- 
tions are made in synchronism with an interval of an ap- s 
plied voltage including alternating current. It should be 
noted that the liquid crystal as a whole has a poor po- 
larizing ability, so that there is a small difference in sway- 
ing motion due to polarity of the voltage. Therefore, the 
frequency of the motion of the liquid crystal becomes io 
twice the applied voltage. Further, a magnitude of the 
swaying motion becomes greater in proportion with in- 
crease of the amplitude of the applied voltage. Further- 
more, a relaxation time becomes significantly shorter 
than the static relaxation time. Therefore, the refractive is 
index of the liquid crystal layer 22 can be varied at a 
frequency twice the applied voltage in synchronism 
therewith, thus enabling speeding up. 

As set forth above, with this embodiment, the optical 
property (such as a focal length and so forth) can be 20 
varied at a high speed periodically in synchronism with 
the applied voltage. 

Further, in this embodiment, as set forth above, 
since electrofluid dynamic motion can be increased by 
increasing the applied voltage, the effective response 25 
speed can be advantageously increased. Therefore, in 
this embodiment, in comparison with the prior art, a 
higher speed operation can be achieved. 

This driving method will be discussed in detail with 
reference to the drawing. 30 

Fig. 30 shows a behavior of the deflection angle 
when the amplitude of the voltage is varied between an 
applied voltage higher than or equal to VT and a voltage 
lower than or equal to VT, e.g. about 0V as in the prior 
art. As one example, as the applied voltage, a sine wave 35 
having a frequency of 30 Hz was used. The amplitude 
was varied in a sine-wave-like pattern. In the drawing, 
behaviors of the deflection angle due to the variation in 
the amplitude of the applied voltage are illustrated in an- 
envelop-like representation (i.e. fine periodic motion of 40 
the applied voltage and the deflection angle is repre- 
sented by densely drawing lines). 

When the liquid crystal is driven with lowering the 
amplitude of the voltage down to approximately 0V 
which is equal to 0V lower than VT as in the prior art, 45 
there is a problem that in the vicinity of the region where 
the amplitude of the voltage is small, the deflection angle 
makes asynchronous behaviors which are clearly differ- 
ent from the period of the applied voltage. In the region 
showing asynchronous behaviors, the light beam is sig- so 
nificantly diverted to make is difficult to definitely deter- 
mine the deflection angle. 

On the other hand, Figs. 31 and 32 show behaviors 
of the deflection angle in the case where the applied volt- 
age is varied at the voltage amplitude greater than or ss 
equal to VT as set forth above. Fig. 31 is illustrated in 
the envelope-like representation as in Fig. 30,. and Fig. 
32 shows detailed correspondence between the applied 



voltage and the deflection angle. Further, the applied 
voltage was in the form of the sine wave having a fre- 
quency of 30 Hz, and its amplitude was varied in a-sine- 
wave-like pattern. 

As clear from Fig. 32, by varying the amplitude of 
the voltage at the voltage higher than or equal to Vt, it 
can be appreciated that the deflection angle can be var- 
ied at a frequency twice the frequency of the applied 
voltage in synchronism with a period of the applied volt- 
age. In the region where the voltage is higher than or 
equal to VT, even the stepwise abrupt variation in the 
amplitude causes no disturbance in the deflection angle 
substantially, following the variation of the amplitude in 
synchronous fashion. Further, from Fig. 31, it is appre- 
ciated that the magnitude of the periodic variation in the 
deflection angle is variable depending upon the ampli- 
tude of the applied voltage, and no asynchronous be- 
havior is included. Furthermore, when the amplitude of 
the voltage higher than or equal to VT is varied as dis- 
cussed in the first embodiment, diverting of the light 
beam can be constantly suppressed to be low. 

As set forth above, with this embodiment, high- 
speed response can be achieved. 

Figs. 33 to 37 show other embodiments of this driv- 
ing method. In this embodiment, the behavior of the op- 
tical property (e.g. deflection angle) of the optical device 
according to the present invention depending upon the 
frequency of the applied voltage (amplitude > VT) will 
be discussed. It should be noted that, as an example of 
the applied voltage, a. sine wave is employed. Figs. 33 
to 36 respectively illustrate behaviors of the deflection 
angle at the frequencies of the applied voltage of 0.5 Hz, 
1 Hz, 3 Hz and 100 Hz. 

The deflection angle shows synchronous response 
even at a low frequency, i.e. 0.5 Hz, but the waveform 
of the deflection angle is not constant and disturbed. The 
variation in an average value in one period is large. 
Thus, the waveform is disturbed as a whole. Further- 
more, in this case, large light beam diverting is caused 
defectively. In contrast, in the case of 1 Hz, disturbance 
of each waveform is not so large as in the case of 0.5 
Hz, and variation of the average value in one period be- 
comes smaller. In the case of 3 Hz, the disturbance be- 
comes further smaller. In addition, in the case of 1 Hz 
and 3Hz, diverting of the light beam observed in the case 
of 0.5 Hz, becomes extremely small. Furthermore, at the 
further higher frequency, such as 100 Hz, neat response 
waveform with quite small disturbance and scattering 
can be obtained. Therefore, in order to restrict distur- 
bance of the deflection angle and scattering of the light 
beam, it is desirable to set the frequency of the applied 
voltage to be higher than or equal to 1 Hz. 

Fig. 37 illustrates behavior of the deflection angle 
when the frequency of the applied voltage is varied in a 
range of 5 Hz to 1 00 Hz (It should be noted that, similarly 
to Figs. 30 and 31, fine periodic motion of the applied 
voltage and the deflection angle is represented by 
densely drawing lines). The deflection angle shows a 
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substantially simitar magnitude of variation at the fre- 
quency of the applted'voltage up to about 10 Hz. When 
the frequency becomes higher than 10 Hz, the magni- 
tude is gradually reduced according to increase in fre- 
quency of the applied voltage and becomes quite small 
at the frequency of about 100 Hz. Accordingly, from the 
viewpoint of ensurement of the magnitude of variation 
in deflection angle, it is desirable to maintain the fre- 
quency of the applied voltage to be lower than or equal 
to 100 Hz. Therefore, the frequency of the applied volt- 
age according to the present invention is practical in a 
range of 1 Hz to 100 Hz. 

It should be noted that, although this embodiment, 
the sine wave is used as the applied voltage, a similar 
effect can be produced even in the case of a rectangular 
wave, a triangular wave or periodic other waves. 

The above described driving method is applicable 
to any of the optical devices discussed above. 

(Three-Dimensional Display Device Employing Optical 
Device) 

Discussion will be given hereinafter on a three-di- 
mensional display device employing the aforemen- 
tioned optical device. 

At first, a conventional three-dimensional display 
device will be explained. There has been conventional 
by known a three-dimensional display device, employ- 
ing liquid crystal shutter eyeglasses shown in Fig. 38. In 
the device shown in Fig. 38, at first, in order to obtain a 
so-called binocular disparity image by picking up imag- 
es of a three-dimensional object 51 in different direc- 
tions, the image of the three-dimensional object 51 is 
picked up by two cameras 52 and 53 positioned at a 
predetermined interval. 

Then, two-dimensional images picked up by the re- 
spective cameras 52 and 53 are synthesized by an im- 
age signal conversion device 54 so that the two-dimen- 
sional images picked up by the cameras 52 and 53 are 
arranged alternately per each field. 

The image signal conversion device 54 displays the 
synthesized two-dimensional images on a CRT display 
device 55, and drives a liquid crystal shutter on the left 
side of an observer 57 in a liquid crystal shutter eye- 
glasses 56 to be transparent and the liquid crystal shut- 
ter on the right side to be not transparent when the two- 
dimensional image picked up by the camera 52 is dis- 
played. 

On the other hand, when the image signal conver- 
sion device 54 displays the two-dimensional image 
picked up by the camera 53 on the CRT display device 
55, the image signal conversion device 54 drives a liquid 
crystal shutter on the right side of the observer 57 in the 
liquid crystal shutter eyeglasses 56 to be transparent 
and the liquid crystal shutter on the left side to be not 
transparent. 

By repeating the operation set forth above, by the 
after image effect of the eye, the observer 57 .feels as 



if simultaneously looking the binocular disparity images 
with both eyes, to realize a three-dimensional view by 
binocular disparity. 

There has been known a three-dimensional display 
5 device not employing eyeglasses or the like, but a 
known lenticular lens sheet as shown in Fig. 39. 

In this device, similarly to the device employing the 
liquid crystal shutter eyeglasses, at first, the binocular 
disparity images of the three-dimensional object 51 are 
picked up by the cameras 52 and 53. 

Next, respectively the image signal conversion de- 
vice 54 synthesizes the two two-dimensional images 
picked up by the cameras 52 and 53, to form a two-di- 
mensional image in which pixels are arranged alternate- 
ly in a horizontal direction. 

The image signal conversion device 54 displays the 
synthesized two-dimensional image on a matrix type 
two-dimensional display device 59, typified by a liquid 
crystal display device. 

At this time, the lenticular lens sheet 58 is closely 
fitted to the screen of the two-dimensional display de- 
vice 59. Consequently, since the lenticular lens sheet 58 
has directivity, the observer can perceive, by his left and 
right eyes only pixels of the two-dimensional images 
picked up respectively by the cameras 52 and 53 ac- 
cording to the position of the observer 57. 

Accordingly, the binocular disparity images picked 
up at a predetermined interval can be seen by both eyes 
of the observer 57, respectively, to thus form a three- 
dimensional image by the effect of binocular disparity. 

For example, holography is known, as three-dimen- 
sional display device capable of forming a more natural 
three-dimensional image. 

The holography picks up interference fringes when 
an object light beam as transmitted or reflected light 
beam produced by irradiating the three-dimensional ob- 
ject 51 with a coherent light beam of high interfering per- 
formance radiated from a light source and a reference 
light beam radiated from the light beam source inter- 
sects at a predetermined angle. 

In the case of reproduction of a three-dimensional 
image, the picked-up interference fringe is read out by 
a light beam having a wavelength equal to that of the 
light beam used in picking up, to thus obtain a three- 
dimensional image of the three-dimensional object 51 . 

In the conventional three-dimensional display de- 
vice employing the liquid crystal shutter eyeglasses, it 
is constantly required to wear the liquid crystal shutter 
eyeglasses. In the case of communication such as tel- 
evision conferences, it becomes difficult to see the faces 
of attendants to give awkward feeling. 

In case of the three-dimensional display device em- 
ploying the lenticular lens sheet, the range.where the 
binocular disparity images can be viewed by both eyes 
of the observer is quite limited. Therefore, the observer 
cannot freely select the position relative to the two-di- 
mensional display device 59. 

Moreover, since the range to be observed is narrow, 
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a plurality of people cannot observe the range at one 
time. 

Furthermore, in the three-dimensional display de- 
vice employing the liquid crystal shutter eyeglasses and 
the three-dimensional display device employing the len- 
ticular lens sheet, the eye of the observer is accommo- 
dated on the screen of the display device, and the ac- 
commodation is not varied according to the images to 
be displayed. 

This may cause discrepancy between the conver- 
gence perceived by the observer 57 and the accommo- 
dated position of the eye, thus inducing asthenopia. 

Further, the two-dimensional image displayed on 
the display device is fixed at the visual positions which 
are, in turn, determined by the positions of the cameras 
52 and 53. Therefore, it is not possible to express the 
movement. Even when the observer 57 moves, the im- 
age displayed on the display device looks to move to- 
gether with the observer. This gives the observer a 
sense of incompatibility. 

In the three-dimensional display device employing 
the holography, a coherent light beam such as a laser 
beam is required in picking-up the three-dimensional 
object. Further, the information amount to be obtained 
becomes huge to make it impossible to process the in- 
formation of a moving picture at a real time. 

According to one aspect of the present invention, 
the three-dimensional display device employing the 
aforementioned optical device can solve the problems 
described above. Consequently, an object of the three- 
dimensional display according to one aspect of the 
present invention is to satisfy the binocular disparity, 
convergence and accommodation and movement par- 
allax as visual cues to depth perception in three-dimen- 
sional view without employing eyeglasses or the like, 
and to achieve moving picture displaying which can be 
re-written electrically. 

Further, it is an object of another aspect of the 
present invention to provide a driving method for driving 
the three-dimensional display device which can satisfy 
the binocular disparity, convergence and accommoda- 
tion and movement parallax as visual cues to depth per- 
ception in three-dimensional view without employing the 
eyeglasses or the like, and can achieve moving picture 
displaying which can be re-written electrically. 

Preferred embodiments of the three-dimensional 
display device according to the present invention will be 
described hereinafter in detail with reference to the ac- 
companying drawings. 

Like molecules or corresponding parts having like 
functions wilt be designated by the same reference nu- 
merals throughout the all figures illustrating the three- 
dimensional display device according to the present in- 
vention. 



(First Embodiment of Three-Dimensional Display 
Device) 

Fig. 40 is a block diagram illustrating a schematic 
s construction of the first embodiment of a three-dimen- 
sional display device according to the present invention. 
In Fig. 40, reference numeral 61 denotes a two-dimen- 
sional display device; 62, a varifocal lens; 63, a driving 
device; 64, a synchronization device; 65, athree-dimen- 
10 sional image; 66, an observer; and 67, a two-dimension- 
al image. 

In Fig. 40, the two-dimensional display device 61 is 
well known as a CRT (Cathode Ray Tube), a liquid crys- 
tal display, an LED display, plasma display, a projector 
15 type display, a vector-scanning type display or the like. 
The varifocal lens 62 is the optical device as set forth 
above. 

The two-dimensional display device 61 is arranged 
inside of the focal length of the varifocal lens 62, namely 
at the position closer to the varifocal lens 62 than the 
focal length. 

The varifocal lens 62 is interposed between the two- 
dimensional display device 61 and the observer 66, to 
vary the focai length at a predetermined speed accord- 
ing to an output from the driving device 63, described 
later. 

The driving device 63 is a known signal generator 
having a predetermined duty ratio and a predetermined 
period and outputting driving signals of frequencies f12 
and f22 having the same amplitude. 

Although this embodiment employs the driving sig- 
nals of frequencies f12 and 22 having the same ampli- 
tude as outputs from the driving device 63, it is may em- 
ploy signals of frequencies having various amplitudes. 

The synchronization device 64 is adapted to syn- 
chronize the focal position of the varifocal lens 62 and 
the two-dimensional image displayed on the two-dimen- 
sional display device 61 . For example, the synchroniza- 
tion device 64 generates a synchronization signal after 
a lapse of a delay period until the focal length of the var- 
ifocal lens 62 is varied on the basis from the output from 
the driving device. 

The three-dimensional image 65 is used for explain- 
ing the image to be viewed by the observer 66 in the 
case where the first embodiment of the three-dimen- 
sional display device is employed. In this embodiment, 
the image is displayed as a virtual image. 

Eyes of the observer 66 represents a view position 
of the observer 66. The two-dimensional image 67 rep- 
resents an image to be displayed on the two-dimension- 
al display device 61 , which is generated by decompos- 
ing the three-dimensional image into the two-dimen- 
sional image represented on a plane at predetermined 
intervals according to procedures described later. 
Namely, the two-dimensional image 67 are a depth sam- 
pled image. 

Fig. 41 graphically shows a state of variation of the 
focal length when the varifocal lens is driven by the driv- 
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ing device in the first embodiment. In Fig. 41, the hori- 
zontal axis represents a driving time and the vertical axis 
represents a focal length. 

It should be noted that the waveform of the driving 
signal is rectangular, as shown in Fig. 8B, in which a low s 
frequency f21 (Ae1 > 0) and a high frequency f22 (Ae1 
<0) are used. The refractive index of the dual-frequency 
liquid crystal (variable refractive index material) be- 
comes smaller than the refractive index of the transpar- 
ent material when the dual-frequency liquid crystal is io 
erected perpendicularly tothe transparent electrodes 23 
and 24. On the other hand, when the dual-frequency liq- 
uid crystal is disposed substantially in parallel to the 
transparent electrodes 23 and 24, the refractive index 
of the dual-frequency liquid crystal becomes greater is 
than that of the transparent material. 

As a result, it is obvious from Fig. 41 that the focal 
length of the varifocal lens 12 is varied in an analogous 
sequential manner. The repetition frequency of the low 
frequency f 1 2 and the high frequency f22 is substantially 20 
30 Hz. 

Accordingly, remarkably high speed operation can 
be achieved, by employing the varifocal lens in the 
above-described optical device, in comparison with the 
conventional liquid crystal lens which takes several sec- 25 ■ 
onds for resumption. 

The operation of the first embodiment of the three- 
dimensional display device will be discussed with refer- 
ence to Figs. 42A and 42B. 

Fig, 42A is an illustration for explaining operation of 30 
the three-dimensional display device, and Fig. 42B is an 
illustration for explaining the two-dimensional image to 
be displayed on the two-dimensional display device 61 . 

In Figs. 42A and 42B, a virtual image 68 is a two- 
dimensional image formed at a position 69, and a virtual 35 
image 110 is a two-dimensional image formed at a po- 
sition 111. Reference symbol d ob j designates a distance 
between the varifocal lens and the two-dimensional dis- 
play device; and d jmg , a distance between the varifocal 
lens and the imaging point of the virtual image. Fig. 42B *o 
shows a three-dimensional image 1 1 2 and an aggregate 
113 of the two-dimensional images. 

It should be noted that the reason why the minus (-) 
sign is given to the distance d img between the varifocal 
lens and the imaging point of the virtual image is that 4$ 
the direction toward the observer 66 from the varifocal 
lens 62 is taken to be plus (+). 

Next, discussion will be given on operation of the 
first embodiment of the three-dimensional display de- 
vice in reference to Figs. 40, 42A and 42B. As described so 
above, the position (view position) of the two-dimension- 
al display device is set at a position where the d ob j is 
smaller than the focal length of the varifocal lens 62. 
Therefore, the two-dimensional image 67 displayed on 
the two-dimensional display device 61 is observed as a ss 
virtual image by the observer 66. 

At this time, conforming to the equation (1) below 
according to a paraxial theory as a theory of optics of 



the lens, the imaging point 69 of the virtual image 68 of 
the two-dimensional image 67 can be varied in the depth 
direction toward the imaging point 111 of the virtual im- 
age 110 by varying the focal length of the varifocal lens 
62. 

"d obj + 1/d img = 1/fo (1) 

wherein f c is a focal length of the varifocal lens 62. 
As shown in Fig. 42B, for example, the three-dimen- 
sional image 112 is expressed as an aggregate of the 
two-dimensional images sampled toward the depth di- 
rection from the visual direction when the three-dimen- 
sional image 112 is picked up or displayed, and the re- 
spective two-dimensional images are displayed on the 
two-dimensional display device 61 in a time division 
manner. 

At this time, synchronization of the two-dimensional 
display device 61 and variation of the focal length of the 
varifocal lens 62 is established by the synchronization 
device 64 so that the imaging point of the two-dimen- 
sional image to be displayed on the two-dimensional 
display device 61 accords with the sampling position in 
the depth direction. Consequently, due to an after image 
effect of the eyes of the observer 66, the three-dimen- 
sional image 65 to be displayed on the two-dimensional 
display device 61 can be observed as an aggregate (vir- 
tual image) of the images sampled in the depth direction 
viewed from the observer 66. 

As described above, in the first embodiment of the 
three-dimensional display device, an image obtained by 
sampling the three-dimensional image 112 into two-di- 
mensional images represented on the two-dimensional 
plane at predetermined intervals is displayed on the two- 
dimensional display device 61 . The two<Jimensional im- 
ages to be displayed on the two-dimensional display 61 
are displayed at the same positions as those at the time 
of sampling based on an output from the synchroniza- 
tion device 64 for generating a signal in synchronism 
with variation in focal length of the varifocal lens 62. 
Thus, on the basis of the foregoing equation (1 ), the im- 
aging point of the two-dimensional image (virtual image) 
to be displayed on the two-dimensional display device 
61 can be varied so that the three-dimensional image 
112 can be displayed as the virtual image 65, i.e., an 
aggregate of the sampled images in the depth direction. 

In the first embodiment of the three-dimensional 
display device, since the observer 66 views the three- 
dimensional image 65 as the aggregate of the virtual im- 
ages substantially aligned in the depth direction. Thus, 
visual cues to depth perception in three-dimensional 
view such as binocular disparity, convergence, accom- 
modation and movement parallax can be satisfied with- 
out causing any discrepancy, and a natural three-dimen- 
sional image can be realized. 

Moreover, in the first embodiment of the three-di- 
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mensional display device, an amount of information 
necessary for displaying is determined according to the 
number of samples in the depth direction. Resolution in 
the visual direction (depth direction) of the human being 
is known to be lower than resolution in the vertical and s 
horizontal directions. Therefore, the number of the sam- 
ples in the depth direction can become greatly smaller 
than that required in the vertical and horizontal direc- 
tions. According to the present invention, the informa- 
tion amount required for displaying can be remarkably 10 
reduced in comparison with the holography. 

Additionally, since the information amount can be 
remarkably reduced, the three-dimensional display de- 
vice in the first embodiment can be applicable to the 
case of displaying, e.g., a moving picture, which must 15 
be displayed at high speed. 

Furthermore, since the three-dimensional display 
device in the first embodiment utilizes the normal lens 
effect by the varifocal lens 62, a coherent light source 
such as a laser beam source is not required as the light 20 
beam source. Furthermore, since an influence of differ- 
ence of colors in the two-dimensional image 67 is slight, 
it is easy to achieve color image display. 

Furthermore, since no mechanical driving portion is 
required, the three-dimensional display device in the 25 
first embodiment is advantageous in reduction of a 
weight and improvement of reliability. 

Although in this embodiment two frequencies are 
used, the number of frequencies should not be limited 
to two, and the greater number of frequencies may be 30 
employed. 

(Second Embodiment of Three-Dimensional Display 
Device) 

35 

Fig. 43 is a view showing a schematic construction 
of a three-dimensional display device in the second em- 
bodiment according to the present invention. In the sec- 
ond embodiment shown in Fig. 43, the basic construc- 
tion is the same as that of the three-dimensional display 40 
device in the first embodiment, and different from the 
first embodiment in that the two-dimensional display de- 
vice 61 is arranged outside of the focal length as viewed 
from the varifocal lens 62, and that the three-dimension- 
al image 112, i.e., the aggregate 11 3 of the two dimen- 45 
sional images is displayed on the two-dimensional dis- 
play device 61 in a manner invented in the vertical and 
horizontal directions 

As obvious from Fig. 43, since the two-dimensional 
display device 61 is arranged outside of the varifocal 50 
length as viewed from the varifocal lens 62 in the three- 
dimensional display device in this second embodiment, 
the observer 66 may view the three-dimensional image 
(real image) formed between the varifocal lens 62 and 
the observer 66. s $ 

Fig. 44 is an illustration for explaining operation of 
the second embodiment of the three-dimensional dis- 
play device. Hereinafter, description will be given on op- 



eration of the second embodiment of the three-dimen- 
sional display device with reference to Fig. 44. 

In Fig. 44, the real image 116 is a two-dimensional 
image formed at an imaging point 117, and another real 
image 1 1 4 is a two-dimensional image formed at anoth- 
er imaging point 115. 

At first, as shown in Fig. 44, the imaging point 115 
of the real image 114 of the two-dimensional image 67 
can be varied in the depth direction from the observer 
66 toward the imaging point 117 of the real image 116 
by varying the focal length of the varifocal lens 62. 

Accordingly, similarly to the first embodiment as set 
forth above, the three-dimensional image is expressed 
as the aggregate 113 of the two-dimensional images 
sampled in the depth direction, and the respective two- 
dimensional images in the aggregate 11 3 are displayed 
on the two-dimensional display device 61 in a time divi- 
sion manner. Further, the focal lengths of the two-dimen- 
sional display device 61 and varifocal lens 62 are syn- 
chronized by the synchronization device 64 so that the 
imaging points of the respective two-dimensional imag- 
es accord with the sampling position in the depth direc- 
tion. Thus, utilizing the after image effect of the human 
eyes, the three-dimensional image can be reproduced 
as an aggregate of the sampled images (real image) in 
the depth direction. 

Accordingly, this embodiment of the three-dimen- 
sional display device achieves the same advantageous 
result as that of the first embodiment of the three-dimen- 
sional display device. In addition, since the second em- 
bodiment of the three-dimensional display device can 
form the real image, it becomes possible to pick up the 
two-dimensional image by placing a beaded plate at the 
imaging point. 

Otherwise, by placing a scattering plate at the im- 
aging point, only the two-dimensional image at that po- 
sition can be viewed. 

(Third Embodiment of Three-Dimensional Display 
Device) 

Fig. 45 is a block diagram illustrating a schematic 
construction of a third embodiment of the three-dimen- 
sional display device according to the present invention. 
Reference numeral 151 denotes a projection type dis- 
play; 152, a'shutter; 153, a scattering plate; 154, an im- 
age recording and reproducing apparatus; and 155; a 
synchronization control device. 

In Fig. 45, the projection type display 151 has been 
well known. In the third embodiment, a plurality of dis- 
plays are employed for lowering a depiction speed of 
the respective projection type displays. 

The shutters 1 52 are provided in the respective pro- 
jection type displays 151, for projecting images from 
each of projection type displays 151 on the scattering 
plate 153 in a time division manner. 

The scattering plate 153 is of a known type for dis- 
playing the image projected from the projection type dis- 
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play 151. For example, the scattering plate 1 52 is placed 
within the focal length of the varifocal lens 62, similarly 
to the first embodiment. 

The image recording and reproducing apparatus 
1 54 is of a known type, such as a video recorder. The s 
image recording and reproducing apparatus 154 out- 
puts an image signal to the projection type display 151 
connected thereto on the basis of the output from the 
synchronization control device 155. 

The synchronization control device 1 55 controls op- 10 
eration of the image recording and reproducing appara- 
tus so that the image signal can be output in synchro- 
nism with variation in the focal length of the varifocal 
lens 157 on the basis of the output from the driving de- 
vice 63. Further, the synchronization control device 155 is 
controls the respective shutters 152, for projecting the 
image of the selected one of the projection type display 
151 onto the scattering plate 153. 

Next, the operation of the third embodiment of the 
three-dimensional display device according to the 20 
present invention will be discussed with reference to Fig. 
45. Similarly to the foregoing first embodiment, the 
three-dimensional image 112 shown in Fig. 42B is ex- 
pressed as the aggregate 113 of the two-dimensional 
images sampled in the depth direction. These two-di- 25 
mensional images are projected in order from the pro- 
jection type display 151 and displayed in order on the 
scattering plate 153 in a time division manner by the re- 
spective shutters 152. Simultaneously, the image re- 
cording and reproducing apparatus 154 and the focal 30 
length of the varifocal lens 62 are synchronized such 
that the imaging point of each two-dimensional image 
accords with the sampling position. Consequently, the 
three-dimensional image can be reproduced as an ag- 
gregate of the sampled images (virtual images) utilizing 35 
the after image effect of the human eyes. 

Thus, the same advantageous result can be pro- 
duced as that of the three-dimensional display devices 
in the foregoing embodiments. Additionally, a screen 
size can be increased easily since the projection type 40 
display 151, shutter 1 52 and scattering plate 1 53, which 
all have been known. 

It should be noted that, in the third embodiment of 
the three-dimensional display device, it is possible to 
place the scattering plate 1 53 and the varifocal lens 1 57 
in a positional relationship similar to the second embod- 
iment in which the scattering plate 1 53 is placed outside 
of the focal length of the varifocal lens 157 so as to 
achieve three-dimensional displaying by projecting ver- 
tically and horizontally invented images (two-dimen- so 
sional images) from the image recording and reproduc- 
ing apparatus 1 54. 

Fig. 46 is view showing another schematic con- 
struction of the varifocal lens to be used in the three- 
dimensional display device. Reference numerals 161 ss 
and 1 62 denotes transparent electrodes; 1 63, a variable 
refractive index material; and 164, an aperture. 

In Fig. 46, the transparent electrodes 161 and 162 



has been known and are formed of an ITO film, a ZnOx 
film or the like. The aperture 1 64 is formed on the trans- 
parent electrode 161, as shown in Fig. 46. 

The variable refractive index material 1 63 is formed 
of a polymer dispersed liquid crystal, a polymer liquid 
crystal or the like, and its refractive index is varied de- 
pending upon a voltage applied to the transparent elec- 
trodes 161 and 162. 

It should be noted that in the varifocal lens in the 
third embodiment of the three-dimensional display de- 
vice, the configuration of the aperture 1 64 formed on the 
transparent electrode 161 is circular. However, the 
shape of the aperture is not limited to be circular, and 
can be variable with respect to the direction of the light 
beam. For instance, the aperture may be formed into a 
strip if the focal length is varied only in one direction. 

Although the present invention made by the inven- 
tors has been described in detail and particularly in the 
preferred embodiments, the present invention should 
not be limited to these embodiments, but can be modi- 
fied in various ways without departing from the spirit and 
the scope of the invention. 

For example, it is also possible to reproduce a 
three-dimensional image 1 72 by employing a tine depic- 
tion device 171 (such as a laser scanning depiction de- 
vice or an electron beam scanning depiction device) as 
a two-dimensional display device to express the three- 
dimensional image 1 72 as an aggregate of lines or dots 
in place of the sampled images in the depth direction, 
and by varying the focal length of the varifocal lens 62 
in accordance with the position of the lines or dot in the 
depth direction by employingthe synchronization device 
64, as shown in Fig. 47. 

This system is applicable to the foregoing embodi- 
ments. This system can produce the same advanta- 
geous results as those achieved by the foregoing em- 
bodiments. Furthermore, since this system can reduce 
the number of components required for achieving the 
three-dimensional display, thus facilitating analogous 
(sequential) display in the depth direction. 

The three-dimensional image is displayed by vary- 
ing the focal length of the varifocal lens 62 so as to vary 
the imaging point of the image (virtual image or real im- 
age) displayed on the two-dimensional display device 
171 in the depth direction. Since the resolution in the 
depth direction of the human being is markedly low at 
the far position in comparison with that in the near po- 
sition, it may be possible to reduce the overall informa- 
tion amount by increasing the number of samples at the 
near position to the observer 66 and reducing the 
number of samples farther from the observer 66. 

As illustrated in Fig. 48, it can be considered that 
the motion speed of the image by the varifocal lens is 
not constant in the depth direction. 

In this case, if the brightness of the two-dimensional 
images are constant, the image where the motion speed 
is low appears brighter and the image where the motion 
speed is high appears darker to make the brightness as 
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viewed by the observer nonuniform. 

Therefore, it is quite useful to vary the brightness of 
the two-dimensional image according to the motion 
speed of the varifocal lens. 

As illustrated in Fig. 48, the focal length of the var- s 
ifocal lens is varied periodically between the position 
near to the eyes and the position far from the eyes. 

In such driving manner driving, there are two cases: 
( 1 ) from the near position to the far position; and (2) from 
the far position to the near position. These two motions 10 
are reverse in direction, but pass through the same 
depth positions. 

Accordingly, by depicting different images in the 
cases of (1) and (2), the three-dimensional display de- 
vice of the present invention can be driven more effi- is 
ciently. 

(Fourth Embodiment of Three-Dimensional Display 
Device) 

20 

With the three-dimensional display devices in the 
foregoing embodiments, since the two-dimensional im- 
ages sampled in the depth direction are displayed in 
time division to be thus integrated into the three-dimen- 
sional image by an after image effect, it is impossible to 25 
avoid a phantom phenomenon, which allows the back 
side or inside of the object which should be hidden from 
the observer's sight to be viewed transparently. This is 
an immense obstacle to reproduction of the natural 
three-dimensional image, and is the reason why the 30 
three-dimensional display devices in the foregoing em- 
bodiments are used only for reproducing wire frame like 
images. Hereinafter, a three-dimensional display device 
capable of avoiding the above-stated drawback will be 
described with reference to Figs. 49 to 59. 35 

Fig. 49 is a schematic view showing a construction 
of the fourth embodiment of the three-dimensional dis- 
play device according to the invention, and Fig. 50 is an 
illustration for explaining basic operation of the fourth 
embodiment of the three-dimensional display device for 40 
avoiding the phantom phenomenon. 

In Figs. 49 and 50, reference numeral 201 denotes 
a phantom three-dimensional display device; 202, a 
shutter device; 202A, a shutter element of the shutter 
device 202; 203, a phantom image (real image); 204, *s 
eyes of an observer; 205, a transmitted light beam; 206, 
a blocked light beam; 207, a portion where blocking, 
scattering and reflecting functions are effected. 

The fourth embodiment* uses an example in which 
a three-dimensional image is reproduced as a real im- so 
age outside of the phantom three-dimensional display 
device. The term "Phantom" refers to a phenomenon 
which allows the back side or inside of an object which 
should be hidden to be viewed transparently. 

As shown in Fig. 49, the fourth embodiment of the ss 
three-dimensional display device comprises the phan- 
tom three-dimensional display device 201 and the shut- 
ter device 202 arranged at a position including the phan- 



tom three-dimensional image 203. 

The phantom three-dimensional display device 201 
is exemplified in a varifocal three-dimensional display 
device or a depth direction sampling type device such 
as a varifocal mirror type device, a varifocal lens type 
device, an oscillation screen type device, a display area 
layer type device or a rotary type device. The phantom 
three-dimensional display device 201 reproduces the 
phantom image 203 by, for example, displaying images 
sampled in the depth direction in a time division manner. 
This phantom image is practically displayed with devel- 
opment in the depth direction. Therefore, although it be- 
comes possible to satisfy visual cues to depth percep- 
tion in the three-dimensional view, such as binocular dis- 
parity, convergence, accommodation and movement 
parallax without any discrepancy, there arises a problem 
that the back side or inside to be hidden is viewed trans- 
parently. Namely, normally, a light beam is scattered/re- 
flected on the surface of a general three-dimensional 
object, and simultaneously, a light beam from the back 
side is blocked. However, the phantom three-dimen- 
sional display device can only express the former func- 
tion. The three-dimensional display device as shown in 
Fig. 43 is one example of the phantom three-dimension- 
al display device. 

The shutter device 202 is a device including a 
guest-host liquid crystal, a polymer dispersed liquid 
crystal, a holographic polymer dispersed liquid crystal 
or the like; or a device including a photo reactive element 
in which the state of an imaging point is turned into a 
light blocking state, a light scattering state or a light re- 
flecting state by converged light at the imaging point of 
a real image. 

Next, the basic operation of the fourth embodiment 
of the three-dimensional display device for avoiding the 
phantom phenomenon will be discussed with reference 
to Fig. 50. 

As shown in Fig. 50, the fourth embodiment of the 
three-dimensional display device is constructed by ar- 
ranging the shutter elements 202A forming the shutter 
device 202, for example, in the vicinity of the sampling 
positions in the depth direction (for simplicity of illustra- 
tion, only one is shown in the drawing). At the position 
corresponding to the image sampled in the depth direc- 
tion in the vicinity of the shutter element during a period 
when the phantom three-dimensional image 203 behind 
of the shutter element 202A (as viewed from the eyes 
204 of the observers reproduced, the function to block, 
scatter or reflect the light beam is made effective for 
maintaining a transparent condition at other positions for 
other periods. Thus, the light beam coming from behind 
of the shutter element (as viewed from the eyes 204 of 
the observer) can be blocked or attenuated. This means 
that the frontal portion of the object blocks the light beam 
from the back portion, and the condition where the back- 
side of the object cannot be seen can be simulated. 

Accordingly, the phantom portion of the phantom 
three-dimensional image 203 can be made invisible by 
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arranging the shutter elements 202A in the vicinity of the 
necessary sampling position in the depth direction. 
Therefore, it is possible to obtain a natural three-dimen- 
sional reproduced image without any phantom image. 

Since the images sampled in the depth direction to 5 
be supplied to the phantom three-dimensional display 
device 201 can be also used as information to the shut- 
ter device 202, an information amount required for dis- 
playing the three-dimensional image excluding the 
phantom image is equal to that required for phantom 10 
three-dimensional display device 201 , thus preventing 
any increase in information amount. 

Furthermore, the information amount is mainly de- 
termined by the number of images sampled in the depth 
direction. Here, it has been known that the resolution of is 
the human being in the depth direction is lower than that 
in the vertical and horizontal direction. Therefore, the 
number of images sampled in the depth direction can 
be remarkably reduced in comparison with that in the 
vertical and horizontal direction. 20 

Accordingly, the fourth embodiment is advanta- 
geous in that the required information amount can be 
markedly reduced in comparison with that required for 
holography and so forth. Therefore, the three-dimen- 
sional display device in the fourth embodiment can be 25 
satisfactorily applied to the case where, for example, a 
moving picture must be displayed at a high speed. 

Moreover, since the fourth embodiment requires 
only addition of the shutter device 202, an influence by 
a color difference of the displayed image can be reduced 30 
to facilitate displaying in color. Further, since the fourth 
embodiment does not include mechanical driving por- 
tions, it is suitable for reduction of a weight and improve- 
ment of reliability. 

Although the fourth embodiment uses an example 35 
in which most of the light beam from the backside is 
blocked by the shutter device 202, a light blocking ratio 
of the shutter device 202 can be set to a desired value 
so as to easily express a semi-transparent or transpar- 
ent three-dimensional object (such as glass or transpar- 40 
ent plastic). 

(Fifth embodiment of Three-Dimensional Display 
Device) 

45 

The fourth embodiment as set forth above uses one 
example according to the present invention, in which the 
three-dimensional image is a real image. It is also pos- 
sible to avoid the phantom phenomenon even if the 
three-dimensional image is a virtual image. In the fifth so 
embodiment, a description will be given on a varifocal 
lens type device as a phantom three-dimensional dis- 
play device in which a phantom three-dimensional im- 
age is reproduced as a virtual image. The fifth embodi- 
ment of the three-dimensional display device will be dis- ss 
cussed hereinafter with reference to Figs. 51 and 52. 

Fig. 51 is a view showing a schematic construction 
of the fifth embodiment of the three-dimensional display 



device according to the present invention, and Fig. 52 
is an illustration for explaining basic operation of the fifth 
embodiment of the three-dimensional display device for 
avoiding a phantom phenomenon. 

In Figs. 51 and 52, reference numeral 202 denotes 
a shutter device; 202A, a shutter element of the shutter 
device 202; 204, the eyes of an observer; 205, a trans- 
mitted light beam; 206, the blocked light beam; 207, a 
portion where blocking, scattering and reflecting func- 
tions are effected; 208, a two-dimensional display de- 
vice; 209, the varifocal lens; 210, a phantom three-di- 
mensional image (virtual image); and 211, a virtual im- 
age of the shutter element 202A. 

As shown in Fig. 51, the fifth embodiment of the 
three-dimensional display device comprises the two-di- 
mensional display device 208, a varifocal lens type 
phantom three-dimensional display device constructed 
of the varifocal lens 209, and the shutter device 202 in- 
terposed between the varifocal lens 209 and the two- 
dimensional display device 208. 

The two-dimensional display device 208 is, for ex- 
ample, a CRT, a liquid crystal display, an LED display, 
a plasma display, a projection type display, a line depic- 
tion type display and the like. For example, a laser scan 
depiction device, a CRT (electron beam scan depiction 
device) and the like can be employed. 

The varifocal lens 209 comprises a fixed focus lens, 
a variable refractive index material, and electrodes 
sandwiching the lens and the material there between. 

Here, the two-dimensional display device 208 is ar- 
ranged within the focal length of the varifocal lens 209. 
Therefore, the image to be viewed becomes a virtual 
image. 

The phantom three-dimensional display device re- 
produces the virtual image by displaying the sampled 
images in the depth direction in a time division manner, 
for example. The phantom three-dimensional display 
device uses an example shown in Fig. 40. 

Next, the basic operation for avoiding the phantom 
phenomenon in the fifth embodiment of the three-di- 
mensional display device will be discussed with refer- 
ence to Fig. 52. 

Unlike the fourth embodiment, in the fifth embodi- 
ment, it is meaningless to place the shutter device 202 
at the virtual image position since the functions of block- 
ing, scattering and reflecting of the light beam cannot 
be effected. The light beams are actually converged at 
the real imaging point. In contrast, the light beams look 
like coming from the virtual image, and are not con- 
verged actually. 

Therefore, the shutter elements 202A (only one is 
shown for simplification of illustration) of the shutter de- 
vice 202 is placed at a position between the two-dimen- 
sional display device 208 and the varifocal lens 209, 
which position is optically equivalent to the virtual image 
position and the light beam actually passes. By this ar- 
rangement, the shutter device 202 is also projected at 
the virtual image position by the effect of the varifocal 
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lens 209. Thus, it is possible to produce the same ad- 
vantageous result as that of the fourth embodiment. 

Namely, at the position corresponding to the sample 
images in the depth direction during a period when the 
phantom three-dimensional image 21 0 behind of the vir- 5 
tual image (211) of the shutter elements 202A (as 
viewed from the observer 204) is reproduced, the func- 
tion for blocking, scattering or reflecting the light beam 
is made effective, and a transparent condition is main- 
tained at other timings and other positions. Thus, the 10 
light beam coming from behind of the shutter element 
202A (as viewed from the observer 204) is blocked or 
attenuated for the observer. This means that the front 
portion of the object blocks the light beam from the rear 
portion, and the condition where the backside of the ob- is 
ject is invisible, can be simulated. 

Accordingly, by this embodiment, similarly to the 
fourth embodiment even the pseudo of phantom three- 
dimensional image 210, the phantom portion can be 
made invisible. Thus, it is possible to obtain a natural 20 
three-dimensional reproduced image excluding any 
phantom image. 

(Sixth Embodiment of Three-Dimensional Display 

Device) 25 

In the foregoing fifth embodiment, the shutter de- 
vice is arranged at a position which is optically equiva- 
lent to the phantom three-dimensional image of the vir- 
tual image and in which the light beam actually passes. 30 
The advantageous result of the present invention can 
be achieved by arranging the shutter device at a position 
which is optically equivalent to the phantom three-di- 
mensional image of the image and in which the light 
beam actually passes, irrespective of a real image or a 35 
virtual image of the phantom three-dimensional image. 

The sixth embodiment uses an example in which a 
varifocal lens type device is employed as the phantom 
three-dimensional display device and the phantom 
three-dimensional image is reproduced as a real image. 40 
Discussion will be given on the sixth embodiment of the 
three-dimensional display device with reference to Figs. 
53 and 54. 

Fig. 53 is a view showing a schematic construction 
of the sixth embodiment of the three-, dimensional dis- 45 
play device, and Fig. 54 is an illustration for explaining 
the basic operation for avoiding a phantom phenome- 
non in the sixth embodiment of the three-dimensional 
display device. 

In Figs. 53 and 54, reference numeral 202 denotes 50 
a shutter device; J 202A, a shutter element of the shutter 
device 202; 203, a phantom three-dimensional image 
(real image); 204, an observer; 205, a transmitted light 
beam; 206, a blocked light beam; 207, a portion where 
blocking, scattering and reflecting functions are effect- 55 
ed; 208, a two-dimensional display device; and 209, a 
varifocal lens. 

Like the fifth embodiment, the sixth embodiment of 



the three-dimensional display device comprises the var- 
ifocal lens type phantom three-dimensional display de- 
vice including the two-dimensional display device 208 
and the varifocal lens 209, and the shutter device 202 
interposed between the two-dimensional display device 
208 and the varifocal lens 209, as shown in Fig. 53. 
Here, the two-dimensional display device 208 and the 
varifocal lens 209 are arranged outside of the focal 
length of the varifocal lens 209 so that an image to be 
viewed becomes a real image, i.e., a phantom three- 
dimensional image 203. 

Although like the fifth embodiment, the shutter de- 
vice 202 may be arranged at a position of the phantom 
three-dimensional image 203, it can be arranged at a 
position which is optically equivalent to the phantom 
three-dimensional image of the virtual image and in 
which the light beam actually passes, as shown in Figs. 
53 and 54 (only one is shown for simplification of illus- 
tration). With this arrangement, the shutter device 202 
is also projected on the real image position by the effect 
of the varifocal lens 209. Thus, it is possible to produce 
the same advantageous result as that of the fourth em- 
bodiment. 

Namely, at the position corresponding to the sample 
images in the depth direction, during a period when the 
phantom three-dimensional image 203 behind of the po- 
sition of the real image of the shutter elements 202A (as 
viewed from the observer 204) is reproduced, the func- 
tion for blocking, scattering or reflecting the light beam 
is made effective, and a transparent condition is main- 
tained at other timings and other positions. Thus, the 
light beam coming from behind of the shutter element 
202A (as viewed from the observer 204) is blocked or 
attenuated for the observer. This means that the front 
portion of the object blocks the light beam from the rear 
portion, and the condition where the backside of the ob- 
ject is invisible can be simulated. 

Thus, in the sixth embodiment, the advantageous 
result of the present invention can be achieved by ar- 
ranging the shutter device at the position which is opti- 
cally equivalent to the phantom three-dimensional im- 
age of the virtual image and in which the light beam ac- 
tually passes, and the natural three-dimensional image 
without any phantom image can be obtained. 

For example, by the use of the depth sample type 
phantom three-dimensional display device, when a part 
of the display device moves to the phantom image po- 
sition, it is physically difficult to arrange the shutter de- 
vice 202 at that position. Therefore, it may be possible 
to optically shift the position of the phantom three-di- 
mensional image by employing an optical system such 
as a lens or a mirror, and to arrange the shutter device 
202 at the shifted position, as shown in Fig. 55, for ex- 
ample. Even in this case, it is obvious from the sixth em- 
bodiment that the advantageous result of the present 
invention can be sufficiently achieved. 

In this embodiment, like the three-dimensional im- 
age 203 shown in Fig. 53, a region where the three-di- 
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mensional image 203 is reproduced can be set in a 
space where no object such as the device exists, there- 
by offering an advantage of reducing a frame canceling 
and the like. Here, the frame canceling means a phe- 
nomenon that if an object exists within the region where 
the three-dimensional image is reproduced, the config- 
uration and the like of the object may influence on the 
recognition process of a three-dimensional image by the 
human being such that the position of the three-dimen- 
sional image is shifted by the influence of presence of 
the object, or the three-dimensional image sticks on the 
object to be viewed as the two-dimensional image; or 
the observer feels a strange feeling that the three-di- 
mensional image moves in the opposite direction, when 
he moves his head. Further, in this embodiment, since 
the region where the three-dimensional image 203 is re- 
produced is a mere space, it is possible to advanta- 
geously arrange an object over, under or beside the 
three-dimensional image so as to reduce the frame can- 
celing. 

(Embodiment of Shutter Device to be Employed in 
Fourth to Sixth Embodiments) 

An embodiment of the shutter device to be em- 
ployed in the present invention will be illustrated in Figs. 
56A to 58. 

One example of the guest-host liquid crystal ele- 
ment to be employed in the shutter device is shown in 
Figs. 56A. and 56B. In Fig. 56A, reference numeral 321 
denotes a guest-host liquid crystal layer; 321 A, a licjuid 
crystal; 321 B, a dichroic dye; 322 and 323, alignment 
layers; 324 and 325, electrodes; 326, a power source 
(applied voltage); and 327, a power switch. 

As shown in Fig. 56A, the guest-host liquid crystal 
element comprises the guest-host liquid crystal layer 
321 composed of a mixture of the dichroic dye (e.g., an- 
thraquinone type dichroic dye or azo type dichroic dye), 
the liquid crystal (e.g., nematic liquid crystal), the align- 
ment layers 322 and 323 and the electrodes 324 and 
325 sandwiching the guest-host liquid crystal. 

When no voltage is applied between the electrodes 
324 and 325, the liquid crystal 321 A is aligned in parallel 
to the alignment layers 322 and 323 by anchoring force 
of the alignment layer 322 and 323. Accordingly, the di- 
chroic dye 321 B is also aligned in parallel to the align- 
ment layers, to become, e.g., black and absorb the light 
beam. Therefore, the light beam coming from the back- 
side is absorbed by the dye so that the intensity of the 
light beam to be transmitted forward can be reduced re- 
markably. 

As shown in Fig. 56B, when a voltage higher than 
or equal to a threshold voltage of the liquid crystal 321 A 
is applied between the electrodes 324 and 325, the liq- 
uid crystal 321 A is aligned perpendicularly to the align- 
ment layers due to its own dielectric constant anisotropy 
Accordingly, the dichroic dye 321 B is also aligned per- 
pendicularly to the alignment layers, to thus become 



transparent, for example. Thus, in this guest-host liquid 
crystal element, transmitting and blocking of the light 
beam can be switched by the voltage, and therefore, the 
shutter function required in the present invention can be 
5 realized. 

Since the present invention required only to trans- 
mit and block the light beam by the voltage, a similar 
effect can be produced by a polymer dispersed guest- 
host liquid crystal element, in which the guest-host liquid 
io crystal is dropwise dispersed in the polymer. 

Fig. 57 shows one embodiment of the polymer dis- 
persed liquid crystal element to be employed in the shut- 
ter device. The polymer dispersed liquid crystal element 
comprises a polymer dispersed liquid crystal layer 328, 
in which the liquid crystal (e.g., nematic liquid crystal) 
droplets 328B are dispersed in a transparent polymer 
(e.g., aery I type polymer) 328A, and electrodes 324 and 
325 sandwiching the layer 328. 

When no voltage is applied between the electrodes 
324 and 325, the liquid crystal droplets 328A are orient- 
ed randomly by the anchoring force of alignment of the 
polymer around the droplets 328B so that the light beam 
is scattered by birefringence of the droplets 328B. 
Therefore, the light beam coming from the backside is 
scattered by the polymer dispersed liquid crystal, and 
then, its intensity is reduced. Next, when a sufficient volt- 
age is applied between the electrodes 324 and 325, the 
liquid crystal is aligned perpendicularly to the electrodes 
324 and 325 due to its own dielectric constant anisotro- 
py so that its refractive index becomes substantially 
equal to that of the polymer 328A thus to become trans- 
parent Thus, in this polymer dispersed liquid crystal el- 
ement, transmitting and scattering of the light beam can 
be switched by the voltage. Therefore, the shutter func- 
tion required in this embodiment of the present invention 
can be realized. 

Since the present invention requires only to control 
transmitting and scattering of the light beam by the volt- 
age, the similar effect may be produced by employing a 
polymer dispersed liquid crystal, in which the polymer is 
dispersed within the liquid crystal in a network fashion. 

Fig. 58 shows one embodiment of a holographic 
polymer dispersed liquid crystal element to be employed 
in the shutter device. The holographic polymer dis- 
persed liquid crystal element comprises a holographic 
polymer dispersed liquid crystal layer 329, in which the 
liquid crystal (e.g., nematic liquid crystal) droplets 328B 
are dispersed in a laminated manner in the transparent 
polymer (e.g., aery I type polymer) 328A, as shown in 
Fig. 58, and the electrodes 324 and 325 sandwiching 
the layer 329. 

When no voltage is applied between the electrodes 
324 and 325, the liquid crystal droplets 328A are orient- 
ed randomly by the anchoring force of alignment of the 
polymer around the droplets 328B so that the light beam 
is scattered by birefringence of the liquid crystal droplets 
328B, and reflected by Bragg reflection of multi-layer 
structure of the polymer layer 328A and the layer of the 
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liquid crystal droplets 328B. Therefore, the light beam 
coming from the backside is refracted to, e.g., the back 
side by the holographic polymer dispersed liquid crystal 
element 329, and the intensity of the light beam trans- 
mitted forward is markedly reduced. 

Next, when a sufficient voltage is applied between 
the electrodes 324 and 325, the liquid crystal is aligned 
perpendicularly to the electrodes 324 and 325 due to its 
own dielectric constant anisotropy so that its refractive 
index becomes substantially equal to that of the polymer 
328A to thus become transparent. 

Thus, in this polymer dispersed liquid crystal ele- 
ment, transmission and reflection of the light beam can 
be switched by the voltage. Therefore, the shutter func- 
tion required in the present invention can be realized. 
Here, it is important for the present invention to attenu- 
ate the light beam .intensity to the observer at the front 
side. Therefore, in this element, it is not essential to 
cause mirror surface reflection, but reflection containing 
scattering factor or deflection to a region where the ob- 
server is not present may be sufficiently satisfactory. It 
is also clear that the light intensity to the observer can 
be reduced owing to a change in Bragg reflection angle 
by varying an angle of the multi-layer structure of the 
layer 328A polymer and the liquid crystal droplets layer 
328B in the holographic high polymer dispersed liquid 
crystal element 329. 

It is also clearly effective to employ the guest-host 
liquid crystal shown in Fig. 56A as the liquid crystal por- 
tion of the high polymer dispersed liquid crystal and the 
holographic polymer dispersed liquid crystal respective- 
ly shown in Figs. 57 and 58. 

(Seventh Embodiment of Three-Dimensional Display 
Device) 

The seventh embodiment of the three-dimensional 
display device is substantially constructed similarly to 
the foregoing fourth embodiment shown in Fig. 49, and 
comprises the phantom three-dimensional display de- 
vice for reproducing the real image of the phantom 
three-dimensional image 203 and the shutter device 
202 arranged at the positions including the phantom 
three-dimensional image 203. Here, the shutter device 
202 includes a light beam reactive element (e.g., a pho- 
tochromic material, a material causing a photostructural 
change and a material containing a liquid crystal, or an 
element containing a liquid crystal in which nematiciso- 
tropic phase transition temperature is varied by a pho- 
tostructural change), in which a converged light beam 
at an imaging point of a real image brings the imaging 
point into a beam shuttering, scattering or reflecting 
state. 

Fig. 59 is an illustration showing the basic operation 
of the seventh embodiment of the three-dimensional 
display device. As shown in Fig. 59, a phantom three- 
dimensional display device 201 reproduces the phan- 
tom three-dimensional image 203 of the real image by 



displaying depth sample images in a time division man- 
ner The shutter elements 202A forming the shutter de- 
vice 202 are arranged at the positions including the 
phantom three-dimensional image 203. When the three- 
5 dimensional image is reproduced from the front side as 
viewed from the observer, once the phantom image is 
reproduced (left of Fig. 59), at the imaging point of the 
real image in the shutter device 202, the point is brought 
into a light beam blocking, light beam scattering or light 
10 beam reflecting state by the action of the light beam re- 
active element (right in Fig. 59). By this, for a predeter- 
mined period when the phantom three-dimensional im- 
age 203 of the backside (as viewed from the observer) 
portion is reproduced, the light beam coming from the 
is ' phantom three-dimensional image of the backside (as 
viewed from the eyes 204 of the observer) is blocked or 
attenuated. This is equivalent to the fact that the front 
portion of the object blocks the light beam from the rear 
portion. Further, the condition where the backside of the 
object is invisible can be successfully simulated. 

Accordingly, the seventh embodiment of the three- 
dimensional display device can make the phantom por- 
tion invisible so as to obtain the natural three-dimension- 
al image without any phantom image. 

In the seventh embodiment of the three-dimension- 
al display device, it is not required to input particular in- 
formation into the shutter device, thus preventing an in- 
crease in required information amount. Furthermore, it 
becomes unnecessary to drive the liquid crystal by the 
voltage. 

Discussion will be given on one embodiment of the 
light beam reactive element. At first, there is a photo- 
chromic material which is brought into a light beam 
blocking state by irradiation of light beam. This utilizes 
a phenomenon to cause isolation of, for example, sliver 
fine particles by irradiation of light beam and return to 
become a transparent compound when the light beam 
is blocked. 

It is possible to switch transmission/scattering and 
transmission/reflection of light beam by dropwise dis- 
persing in the polymer a mixture of a material such as 
azobenzene type polymer causing a photostructural 
change such as a cis-trans structure variation by irradi- 
ation of light beam and the liquid crystal. Namely, the 
shape of the material is varied due to the photostructural 
change, to vary the alignment condition of the liquid 
crystal and vary a difference in refractive index between 
the liquid crystal and the polymer for switching transmis- 
sion and scattering. Furthermore, it is also clear that re- 
flection and transmission by Bragg reflection can be 
switched by forming the liquid crystal mixture layer and 
the polymer layer in a laminated manner 

It is also effective to dropwise disperse, in the pol- 
ymer, a material containing a liquid crystal, nematic-iso- 
tropic phase transition temperature of which is varied 
due to structural variation or temperature variation by 
irradiation of light beam. In the nematic phase, the light 
beam is scattered due to birefringence of the material. 
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On the other hand, in the isotropic phase, birefringence 
is eliminated so that the light beam becomes transpar- 
ent. Furthermore, it is also clear that reflection and trans- 
mission by Bragg reflection can be switched by forming 
the liquid crystal mixture layer and the polymer layer in 
a laminated manner. 

Although the present invention has been illustrated 
and described with respect to the preferred embodi- 
ments thereof, it should be understood by those skilled 
in the art that the present invention is not limited to the 
specific embodiments set out above, and that various 
modifications and alternations can be added thereto 
without departing from the spirit and scope of the 
present invention. 

(First Embodiment of Head-Mount Display Device) 

Fig. 60 is a perspective view showing a schematic 
construction of a first embodiment of a head-mount dis- 
play device according to the present invention, and Fig. 
61 is a plan view of the device of Fig. 60, on a plane 
including eyes of an observer. 

In Figs. 60 and 61, reference numerals 411 R and 
411 L denote two-dimensional display devices such as 
a CRT device, a liquid crystal display device, an EL dis- 
play device, a plasma display device, a laser scanning 
type depiction device and a projection type display de- 
vice. Reference numerals 41 2R and 41 2L denote vari- 
focal lenses such as liquid crystal lens. Reference nu- 
merals 41 3R and 41 3L are control devices which con- 
trols the two-dimensional display devices 411 R and 
41 1 L and the varifocal lenses 41 2R and 41 2L. Refer- 
ence numerals 41 4R is a right eye head-mount display 
device which comprises the two dimensional-display 
device 41 1 R, the varifocal lens 41 2R and the control de- 
vice 41 3R. Reference numeral 41 4L is a left eye head- 
mount display device which comprises the two-dimen- 
sional display device 41 1L, the varifocal lens 41 2L and 
the control device 41 3L Reference numeral 41 5R de- 
notes right eye; 41 5L, a left eye; 41 6R and 41 6L, display 
images; 417, a virtual image; and S, a partition. 

The varifocal lens in the head-mount display device 
is the optical device set forth above in detail. 

As shown in Figs. 60 and 61, the first embodiment 
of the head-mount display device comprises Xhe right 
eye head-mount display device 41 4R including the two- 
dimensional display device 411 R, the varifocal lens 
41 2R and the control device 41 3R; and the left eye 
head-mount display device 41 4L including the two-di- 
mensional display device 41 1L, the varifocal lens 41 2L 
and the control device 41 3L, similarly to the right eye 
head-mount display device 41 4R. The right eye head- 
mount display device 41 4R is worn on the right eye 
41 5R and the left eye head-mount display device 41 4L 
is worn on the left eye 41 5L, respectively. 

With the construction set forth above, when a dis- 
play image 41 6R of the two-dimensional display device 
41 1 R is viewed by the right eye 41 5R through the vari- 



focal lens 41 2R and a display image 41 6L of the two- 
dimensional display device 41 1L is viewed by the left 
eye 41 5L through the varifocal lens 41 2R, a virtual im- 
age 417 is formed. If the focal lengths of the varifocal - 
5 lenses 41 2R and 41 2L are varied, the depth position of 
the virtual image is varied as shown in Fig. 62, to thus 
form another virtual image 418. As shown in Fig. 63, a 
three-dimensional image can be expressed as an ag- 
gregate of two-dimensional images sampled in the 
10 depth direction (hereinafter referred to as "depth sam- 
pled image"). 

The depth sampled images are displayed in se- 
quence on the two-dimensional display devices 41 6R 
and 41 6L, and then, the control devices 41 3R and 41 3L 
1$ varies the focal lengths of the varifocal lenses 41 2R and 
41 2L in conformity to the displayed images. Thus, the 
three-dimensional image can be expressed as an ag- 
gregate of the sampled images to realize a varifocal type 
three-dimensional display device. 

In the first embodiment set forth above, the virtual 
image is varied in the depth direction, in practice. There- 
fore, discrepancy between accommodation and the bin- 
ocular disparity or convergence, which has been caused 
in the conventional method, can be avoided. According- 
ly, it is possible to satisfy accommodation, binocular dis- 
parity, convergence as visual cues to depth perception 
in three-dimensional view, to thus realize a natural 
three-dimensional view. 

In the first embodiment, as the focal lengths (includ- 
ing positive and negative) of the varifocal lenses 41 2R 
and 41 2L are made smaller, the position of the virtual 
image in the depth direction is more distant from the 
eyes, and the images displaced on the two-dimensional 
display devices 41 6R and 41 6L are enlarged according- 
ly. In order to make the size of the virtual image constant, 
the size of the displayed image of the two-dimensional 
display devices 41 6R and 41 6L has to be varied corre- 
sponding to motion of the focal lengths of the varifocal 
lenses 41 2R and 41 2L 

Since, with this nature, the visual field covered by 
the two-dimensional display device becomes greater as 
the length from the eyes becomes longer, it becomes 
possible to realize a natural condition similar to the vis- 
ual field of the human being. 

Furthermore, since the number of, for example, pix- 
els or display lines of the two-dimensional display de- 
vices 41 6R and 41 6L are not varied, a size of the pixel 
or a width of the display line becomes greater as a dis- 
tance of the virtual image from the eyes becomes longer. 
However, since the visual angle from the eye is not 
changed, definition of the image which the human being 
feels, will be held unchanged. 

Fig. 64 is a graph illustrating a relationship between 
visual cues of depth perception and depth perceptivity, 
and shows depth perceptivity approximated from meas- 
ured and calculated values with respect to respective 
three-dimensional sense factors. 

Fig. 65 is a graph illustrating the correspondence 
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and allowable range of convergence and accommoda- 
tion. A central solid line at 45° represents that the con- 
vergence and accommodation are completely corre- 
sponded. The region in the vicinity of the 45° solid line 
is a range allowable at certain focal depth. Although the s 
range is slightly different since visual acuity (e) and blur 
detection ability (5) are employed as allowable levels, it 
is quite narrower than a binocular f usional area of ster- 
eoscopy. The outer curve shows a sort of binocular fu- 
sion limits; the solid line with black dots represents max- io 
imum binocular fusion image limit (allowable conver- 
gence limit); the dotted line shows a range in which a 
fusion image condition is established from twin image 
condition (fusion limit); and the broken line represents 
binocular fusion limit at an image display time of 0.5 sec. '5 
(convergence limit of display at a short period of 0.5 
sec). With respect to the moving picture, long-period 
observation may cause considerable fatigue by the 
three-dimensional effect out of the range indicated by 
the broken line. Reference symbol MW represents or 20 
convergence angle; and D, a diopter. 

When the depth sampling is employed, it becomes 
necessary to define the number of sampling. Here, the 
accommodation of human eyes is effective only when 
the visual range is short (less than or equal to 2m), as 25 
shown in Fig. 64. Moreover, resolution in the depth di- 
rection is relatively as low as 1/10 or more of the visual 
range. There is also an allowable range of the conver- 
gence angle, as illustrated in Fig. 65. Therefore, in prac- 
tice, a natural three-dimensional image can be realized 30 
if the number of the depth sampling ranges from 20 to 
40. 

Although, in the first embodiment, the three-dimen- 
sional image is realized as an aggregate of the depth 
sampled images. It is clear that the three-dimensional 35 
image can be realized in various other ways, e.g., an 
aggregate of lines. 

It should be noted that the construction shown in 
Figs. 60 and 61 is one example which makes the device 
compact by bending the optical path employing a mirror, 40 
lens, prism or the like. 

(Second Embodiment of Head-Mount Display Device) 

Fig. 66 shows a schematic construction of a second 45 
embodiment of the head-mount display device accord- 
ing to the present invention. In Fig. 66, reference numer- 
als 421 R and 421 L denote two-dimensional display de- 
vices; 422R and 422L, varifocal lenses, 423R and 423L, 
control devices; 424R and 424L, deflection devices; 50 
425R and 425L, display images; and 417, a virtual im- 
age. Examples of the deflection devices 424R and 424L 
are a liquid crystal prism, a movable mirror, a liquid prism 
and the like. The second embodiment is adapted to eas- 
ily establish the natural correspondence between the 55 
convergence angle and accommodation. 

The second embodiment of the head-mount display 
device comprises the two-dimensional display devices 



421 R and 421 L, the varifocal lenses 422R and 422L and 
the control devices 423R and 423L for controlling the 
devices 421 R and 421 L and the lenses 422R and 422L, 
as shown in Fig. 66. 

In the head-mount display device, in order to gen- 
erate a large convergence angle as the depth position 
of a three-dimensional image approaches eyes, it is 
necessary to make the right and left images observed 
by the right and left eyes closer to the midpoint between 
both the eyes. Since, in the first embodiment of the 
head-mount display device, this operation is performed 
by using the two-dimensional display devices 421 R and 
421 L, the display images are displayed closer toward 
the midpoint between the right and left eyes. Therefore, 
control of the display images of the two-dimensional dis- 
play devices 421 R and 421 L becomes quite complicat- 
ed. Additionally, if the convergence angle is varied sig- 
nificantly, it becomes necessary to make the two-dimen- 
sional display device greater in the lateral direction be- 
yond the visual field. 

To the contrary, in the second embodiment, the right 
and left images in the lateral direction for forming the 
convergence angle are moved by the deflection devices 
424R and 424L Namely, the operations of the two-di- 
mensional display devices 421 R and 421 L and the var- 
ifocal lens 422R and 422L are similar to those of the first 
embodiment. However, as the focal lengths of the vari- 
focal lenses 422R and 422L become longer and the vir- 
tual images of the display images 425R and 425L of the 
two-dimensional display devices 421 R and 421 L ap- 
proach closer to the right and left eyes in the depth di- 
rection, the display images of the two-dimensional dis- 
play devices 421 R and 421 L approach toward the cent- 
er position midpoint between the right and left eyes by 
the deflection devices 424R and 424L. 

Consequently, in the second embodiment of the 
head-mount display device, the two-dimensional dis- 
play and the convergence angle control can be inde- 
pendently controlled with ease. Further, the entire 
screen surfaces of the two-dimensional display devices 
421 R and 421 L can be effectively used. Namely, the 
convergence angle becomes small when the virtual im- 
age 417 is farther from the right and left eyes, while the 
convergence angle becomes greater when the virtual 
image 417 is closer to the right and left eyes. Thus, the 
convergence angle and accommodation can be easily 
satisfied. 

Although in the second embodiment, the deflection 
devices 424R and 424L are located closer to the two- 
dimensional display devices 421 R and 421 L than the 
varifocal lens 422R and 422L. However, it is clear that 
the same advantageous result can be achieved even in 
the case where the deflection devices 424R and 424L 
are located closer to the right and left eyes than the var- 
ifocal lenses 422R and 422 L. 

Moreover, although in the second embodiment as 
shown as Fig. 66, the deflection devices 424R and 424L 
and the varifocal lenses are provided separately, the 
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same advantageous result can be, achieved even in the 
case of variable optical devices 426R and 426L in which 
the deflection devices 424R and 424L and the varifocal 
lenses are integrated, as shown in Fig. 67. Thus, such 
construction is quite effective in making the device com- 
pact. 

As set forth above, the optical device according to 
one aspect of the present invention enables high speed 
operation by varying the frequency or the voltage to be 
applied to the variable refractive index material so as to 
vary its refractive index and by varying the optical prop- 
erty of the device formed together with the transparent 
material having the desired curved surface configura- 
tion. Furthermore, since the force of exerted by the elec- 
tric field can be used constantly, the operating speed 
can be made higher by increasing the strength of the 
electric field. 

In the optical device the force exerted by the electric 
field can vary the refractive index of the variable refrac- 
tive index material. Moreover, since the. transparent 
'electrodes are not provided on the transparent material 
layer on the side of the variable refractive index material, 
the influence of the surface configuration of the trans- 
parent material layer becomes small, to easily achieve 
uniformity of the variation in optical property. 

Since the transparent electrodes are not provided 
on the transparent material layer on the side of the var- 
iable refractive index material in the optical device it be- 
comes unnecessary to form a film on a portion having 
a complex configuration, to thus facilitate fabrication. 
Furthermore, since the transparent electrodes are not 
provided on the transparent material layer on the side 
of the variable refractive index material, the distance be- 
tween the electrodes can be maintained substantially 
equal. Additionally, since the transparent material layer 
is constantly present between the transparent elec- 
trodes, degradation in insulating, property or short- 
circuiting can be successfully avoided. 

Further, in the optical device the refractive index of 
the variable refractive index material is periodically var- 
ied according to the frequency of each voltage to select 
the intermediate value, thereby achieving sequential 
variation of the optical property. 

The optical device can maintain the desired refrac- 
tive index by utilizing the state maintaining characteris- 
tics of the variable refractive index material while the 
voltage supply is stopped. Therefore, it becomes possi- 
ble to vary the refractive index at a high speed but in a 
non-periodic manner. 

The optical device sequentially varies the refractive 
index according to a voltage ratio of the voltages having 
different frequencies in superimposing manner and to 
be applied to the variable refractive index material, so 
as to vary the optical property of the device sequentially, 
enabling high-speed driving with sequential variation, 
unlike the conventional device which cannot be driven 
at a high speed. Furthermore, since the force exerted 
by the electric field can be constantly used, the further 



speeding-up can be achieved by increasing the strength 
of the electric field. 

The optical device can maintain the desired refrac- 
tive index by utilizing the state maintaining characteris- 
5 tics of the variable refractive index material while the 
voltage supply is stopped. Therefore, it becomes possi- 
ble to vary the refractive index at a high speed but in a 
non-periodic manner. 

The optical device can achieve a uniform alignment 
condition in a wide domain region under the driving con- 
dition where the liquid crystal is aligned in parallel to the 
alignment layer. Thus, variation of the refractive index 
of the liquid crystal can be efficiently transferred to the 
incident light beam. In addition, scattering of the light 
beam caused by the random orientation of the liquid 
crystal and the resultant cloudiness can be successfully 
avoided. 

Furthermore, the optical device is constructed in 
such a manner as to reflect the light beam, efficiently 
transferring the variation of the refractive index of the 
variable refractive index material to the incident light 
beam. Further, various functions can be realized irre- 
spective of the polarizing condition of the incident light 
beam. Therefore, various optical devices, such as an 
active mirror and a half mirror capable of varying the op- 
tical property can be realized. 

In addition, the optical device has the driving device 
which can constantly supply the voltage having the am- 
plitude greater than or equal to the voltage amplitude, 
at which the liquid crystal is effectively and statistically 
aligned in the frequency of the voltage, to thus generate 
an electrically hydrodynamic motion in the molecules of 
the liquid crystal. Consequently, the direction of the mol- 
ecules of the liquid crystal is oscillated between the state 
where the molecules of the liquid crystal are aligned per- 
pendicularly or in parallel to the electrode and the state 
where the molecules of the liquid crystal are slightly in- 
clined in synchronism with a frequency twice as high as 
that of the applied voltage. Therefore, the optical device 
can vary the optical property at a high speed sequen- 
tially, periodically and uniformly. Furthermore, since it 
becomes unnecessary to form the film into complicated 
surface configuration, production can be facilitated. 

The three-dimensional display device according to 
one aspect of the present invention drives the imaging 
point shifting portion on the bases of the driving signal 
generated by the driving portion, and the synchronizing 
portion updates the two-dimensional images to be dis- 
played on the display portion sequentially in a predeter- 
mined order on the basis of the output from the driving 
portion. Therefore, position of the two-dimensional im- 
age to be the displayed on the display portion can be 
varied in the direction of the eyes of the observer so that 
the observer may three-dimensionally view the two-di- 
mensional images on the two-dimensional plane dis- 
played on the display means. 

The three-dimensional display device can satisfy 
the visual cues to depth perception in three-dimensional 
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view such as binocular disparity, convergence, accom- 
modation and movement parallax without using any 
eyeglasses and display the moving picture which can 
be re-written electrically. 

Otherwise, the phantom three-dimensional display 
device according to one aspect of the present invention 
is additionally provided with the shutter device which 
can switch in timewise and/or spacewise among the 
light beam transmitting state, light beam scattering state 
and light beam reflecting state. In the phantom three- 
dimensional display device, the shutter device is dis- 
posed at the position including the position where the 
phantom three-dimensional image is reproduced. This 
three-dimensional display device activates the function 
for blocking or scattering the light beam of the shutter 
elements of the shutter device when the phantom three- 
dimensional image at the backside as viewed from the 
observer is reproduced. As a result, many of the visual 
cues to depth perception in three-dimensional view can 
be satisfied and the natural three-dimensional image 
without any phantom phenomenon can be electrically 
reproduced in the form of the moving picture. 

The head-mount display device according to one 
aspect of the present invention, comprising the two-di- 
mensional devices and the varifocal lenses are worn on 
the right and left eyes of the human being so that the 
display images of the two-dimensional display devices 
are observed through the varifocal lenses, and the focal 
lengths of the varifocal lens are varied for varying the 
position of the virtual image of the display image of the 
two-dimensional display device in the depth direction. 
As a result, it is possible to reproduce the three-dimen- 
sional image without any discrepancy in visual cues to 
depth perception in three-dimensional view such as bin- 
ocular disparity, convergence and accommodation at a 
high speed in an electrically rewrittable manner. 



Claims 



1. An optical device characterized by comprising: 



a transparent material layer having a desired 
curved surface configuration; 
a layer including a variable refractive index ma- 
terial having a dielectric constant anisotropy 
and having a property in which a sign of a dif- 
ference Ae in dielectric constant due to the an- 
isotropy is reversed at driving frequencies f1 
and f2; 

at least two transparent electrodes arranged to 
sandwich said transparent material layer and 
said layer including said variable refractive in- 
dex material; and 

a driving device supplying a voltage including 
said driving frequencies f 1 and f2 between said 
transparent electrodes. 



2. An optical device as set forth in claim 1 , character- 
Vr7 ized in that said driving device sequentially applies 
^ voltages V1 to VN having primary frequencies f 1 to 

fN (N £ 2) to said transparent electrodes for a pre- 
s determined period of time and at a predetermined 

interval. 

3. An optical device as set forth in claim 2, character- 
ized in that when sequentially applying voltages V1 

10 to VN having primary frequencies f 1 to f N (N > 2) to 
said transparent electrodes for a predetermined pe- 
riod of time and at a predetermined interval, said 
driving device temporarily suspends the supply of 
the voltage at a desired phase of said interval and 

is subsequently resume the supply of the voltage. 

4. An optical device as set forth in claim 1 , character- 
3g ized in that a dual-frequency liquid crystal is em- 
^ ployed as said variable refractive index material 

having the refractive index anisotropy and the die- 
lectric constant anisotropy and having a difference 
Ae of the different dielectric constant which is re- 
versed at the driving frequencies f 1 and f2. 
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An optical device as set forth in claim 4, character- 
ized in that a material having a low wettability with 
the liquid crystal is arranged at least one of positions 
contacting said layer of the liquid crystal. 

An optical device as set forth in claim 4, character- 
ized in that an alignment layer for aligning the liquid 
crystal in one direction is provided at the surface of 
said transparent electrode on the side of the layer 
including the variable refractive index material. 

An optical device as set forth in claim 6, character- 
ized in that a light is incident to a surface of said 
layer including the variable refractive index material 
having a more uniform alignment. 



8. An optical device characterized by comprising a 
plurality of optical devices defined in claim 6, said 
plurality of optical devices being arranged in series 
so that the ordering directions of the respective 

45 alignment layers are perpendicular to each other. 

9. An optical device as set forth in claim 1 , character- 
ized in that said two transparent electrodes are sub- 
stantially parallel transparent electrodes. 

50 

10. An optical device as set forth in claim 1 , character- 
ized in that the surface configuration of the trans- 
parent material layer on the side of said layer of the 
variable refractive index material is a convex lens, 

55 a concave lens, a fresnel lens, a prism array, a lens 
array, a lenticular lens or a diffraction grating, or a 
curved surface formed by a combination thereof. 
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11. An optical device as set forth in claim 1 , character- 
ized in that one of said transparent electrodes is re- 
placed with an electrode reflecting at least a part of 
a light incident to said one of said transparent elec- 
trodes. 

12. An optical device characterized by comprising: 



a layer including a variable refractive index ma- 
terial having dielectric constant anisotropy and 
having a property to reverse signs of a differ- 
ence of dielectric constant Ae due to anisotropy 
at driving frequencies f1 and f2; 
at least two transparent electrodes arranged to 
sandwich said layer including said variable re- 
fractive index material; and 
a driving device applying a voltage, in which 
voltages from V1 to VN respectively having . re- 
spective primary frequencies f1 to fN (N > 2) 
are superimposed, between said transparent 
electrodes. 



13. An optical device as set forth in claim 12, charac- 
terized in that a transparent material layer having 
desired curved surface configuration is disposed 
between said at least two transparent electrodes 
and adjacent said layer including said variable re- 
fractive index material. 

14. An optical device as set forth in cfaim 13, charac- 
terized in that one of said transparent electrodes is 
replaced with an electrode reflecting at least a'part 
of a light incident to said one of said transparent 
electrodes, 



15. An optical device as set forth in claim 12, charac- 
terized in that when applying a voltage in which volt- 
ages V1 to VN having respective primary frequen- 
cies f 1 to fN (N > 2) are superimposed, said driving 
device temporarily suspends the supply of the volt- 
age at a desired timing and subsequently resume 
the supply of the voltage. 

16. An optical device as set forth in claim 12, charac- 
terized in that a dual-frequency liquid crystal is em- 
ployed as said variable refractive index material 
having the refractive index anisotropy and the die- 
lectric constant anisotropy and having a difference 
Ae of the different dielectric constant which is re- 
versed at the driving frequencies f1 and f2. 

17. An optical device as set forth in claim 16, charac- 
terized in that a material having a low wettability with 
the liquid crystal is arranged at least one of positions 
contacting said layer of the liquid crystal. 

18. An optical device as set forth in claim 16, charac- 
terized in that an alignment layer for aligning the liq- 
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uid crystal in one direction is provided on the sur- 
face of said transparent electrode on the side of the 
layer including the variable refractive index materi- 
al. 

19. An optical device as set forth in claim 18, charac- 
terized in that a light is incident to a surface of said 
layer including the variable refractive index material 
having a more uniform alignment. 

20. An optical device characterized by comprising a 
plurality of optical devices defined in claim 18, said 
plurality of optical devices being arranged in series 
so that the ordering directions of the respective 
alignment layers are perpendicular to each other. 

21. An optical device as set forth in claim 12, charac- 
terized in that said two transparent electrodes are 
substantially parallel transparent electrodes. 

22. An optical device as set forth in claim 1 2, charac- 
terized in that the surface configuration of the trans- 
parent material layer on the side of said layer of the 
variable refractive index material is a convex lens, 
a concave lens, a fresnel lens, a prism array, a lens 
array, a lenticular lens or a diffraction grating, or a 
curved surface formed by a combination thereof. 

23. An optical device characterized by comprising: 
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a layer of transparent material having a desired 
curved surface configuration; 
a layer including a variable refractive index ma- 
terial having a positive or negative dielectric 
constant anisotropy; 

at least two transparent electrodes arranged to 
sandwich said layer of the transparent material 
and said layer including the variable refractive 
index material; and 

a driving device for always supplying a voltage 
substantially equal to or greater than an ampli- 
tude of a voltage establishing static and vertical 
alignment in said variable refractive index ma- 
terial. 



24. An optical device as set forth in claim 23, charac- 
terized in that said voltage from said driving device 
is an AC voltage having a primary frequency in a 
range of 1 Hz to 100 Hz. 

25. An optical device as set forth in claim 23, charac- 
terized in that said variable refractive index material 
is nematic liquid crystal. 

26. An optical device as set forth in claim 23, charac- 
terized in that said at least two transparent elec- 
trodes are substantially in parallel. 
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27. An optical device as set forth in claim 23, charac- 
terized in that the surface configuration of the trans- 
parent material layer on the side of said layer of the 
variable refractive index material is a convex lens, 

a concave lens, a f resnel lens, a prism array, a lens 5 
array, a lenticular lens or a diffraction grating, or a 
curved surface formed by a combination thereof. 

28. An optical device as set forth in claim 23, charac- 
terized in that an alignment layer for aligning the liq- 10 
uid crystal in one direction is provided on the sur- 
face of said transparent electrode on the side of the 
layer including the variable refractive index materi- 
al. 

15 

29. An optical device characterized by comprising a 
plurality of optical devices defined in claim 28, said 
plurality of optical devices being arranged in series 
so that the ordering directions of the respective 
alignment layers are perpendicular to each other. 20 

30. An optical device as set forth in claim 23, charac- 
terized in that a light is incident to a surface of said 
layer including the variable refractive index material 
having a more uniform alignment. 25 

31. An optical device as set forth in claim 23, charac- 
terized in that one of said transparent electrodes is 
replaced with an electrode reflecting at least a part 

of a light incident to said one of said transparent 30 
electrodes. 



33. A three-dimensional display device as set forth in 
claim 32, characterized in that said variable refrac- 
tive index material of said imaging point shifting por- 
tion is liquid crystal. 

34. A three-dimensional display device as set forth in 
claim 33, characterized in that a material having a 
low wettability with the liquid crystal is arranged at 
least one of positions contacting said layer of the 
liquid crystal of said imaging point shifting portion. 

35. A three-dimensional display device characterized 
by comprising a plurality of optical devices defined 
in claim 34, said plurality of optical devices being 
arranged in series so that the ordering directions of 
the respective alignment layers are perpendicular 
to each other. 

36. A three-dimensional display device as set forth in 
claim 33, characterized in that an alignment layer 
for aligning the liquid crystal in one direction is pro- 
vided on the surface of said transparent electrode 
on the side of the layer including the variable refrac- 
tive index material of said imaging point shifting por- 
tion. 

37. A three-dimensional display device as set forth in 
claim 36, characterized in that a light is incident to 
a surface of said layer including the variable refrac- 
tive index material having a more uniform align- 
ment. 



32. A three-dimensional display device for forming 
three-dimensional image from two-dimensional im- 
age on a display portion, comprising: 
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38. A three-dimensional display device as set forth in 
claim 32, characterized in that said two transparent 
electrodes are substantially in parallel. 



a layer of a transparent material having a de- 
sired curved surface configuration; 
a layer of a variable refractive index material 
having a refractive index varying in accordance 40 
with a voltage applied thereto; 
at least two transparent electrodes arranged to 
sandwich said layer of the transparent material 
and said layer including the variable refractive 
index material; 45 
an imaging position shifting portion for shifting 
an imaging position of said two-dimensional im- 
age displayed on said display portion; 
a synchronizing portion for synchronizing an 
updating period of the two-dimensional image so 
displayed on said display portion with a shifting 
period of the imaging point of said imaging po- 
sition shifting portion; and 
a driving portion for driving said imaging point 
shifting portion by applying a voltage to said at 55 
least two transparent electrodes in accordance 
with an output from said synchronizing portion. 



39. A three-dimensional display device as set forth in 
claim 32, characterized in that said display portion 
displays depth sampling images formed by decom- 
posing a three-dimensional image into two-dimen- 
sional images between planes set at a predeter- 
mined interval in a depth direction of an image pick- 
up position, or depicts a line drawing. 

40. A driving method of driving a three-dimensional dis- 
play device including a display portion for displaying 

yk two-dimensional images, an imaging point shifting 
portion disposed between said display portion and 
an observer, a synchronizing portion for synchroniz- 
ing an updating period of the two-dimensional im- 
ages displayed on said display portion with a shift- 
ing period of the imaging point of said imaging point 
shifting portion, and a driving portion for driving said 
imaging point shifting portion, said a driving method 
characterized by comprising the steps of: 

outputting a plurality of driving signals of an out- 
put voltage VN (N > 2) having frequency fN as 



33 



65 



EP 0 785 457 A2 



66 



a primary frequency for a predetermined period 
of time assigned to each of the driving signals 
in a predetermined sequence to drive said im- 
aging point shifting portion in said driving por- 
tion; and 

updating and displaying said two-dimensional 
images in a predetermined sequence on said 
display portion in said synchronizing portion. 

41 . A driving method of driving a three<limensional dis- 
play device including a display portion for displaying 
two-dimensional images, an imaging point shifting 
portion disposed between said display portion and 
an observer, a synchronizing portion-for synchro- 
nizing an updating period of the two-dimensional 
images displayed on said display portion with a 
shifting period of the imaging point of said imaging 
point shifting portion, and a driving portion for driv* 
ing said imaging point shifting portion, said a driving 
method characterized by comprising the steps of: 

in said driving portion: 

generating a driving signal of a predetermined 
output voltage in which a frequency fN (N > 2) 
is superimposed; 

applying said driving signal to said imaging po- 
sition shifting portion; 

varying said output voltage in a predetermined 
sequence in accordance with a synchronization 
signal of said synchronizing portion; and 
in said synchronization portion: 
outputting a synchronization signal in said syn- 
chronization portion when updating two-dimen- 
sional images to be displayed on said display 
portion. 

42. A driving method as set forth in claim 40, further 
characterized by comprising a step of stopping said 
driving signal for driving said imaging point shifting 
portion driving a predetermined time duration. 

43. A driving method as set forth in claim 41, further 
characterized by comprising a step of stopping said 
driving signal for driving said imaging point shifting 
portion driving a predetermined time duration. 

44. A three-dimensional display device characterized 
by comprising: 

a phantom three-dimensional display device for 
displaying a phantom three-dimensional im- 
age; and 

a shutter device formed by a shutter element 
for controlling a light transmittance, said shutter 
device being located at a position where said 
phantom three-dimensional image is repro- 
duced or a position optically equivalent to said 
position. 



45. A three-dimensional display device as set forth in 
claim 44, characterized in that said shutter element 
is two-dimensionally divided, and each of divided 
regions are driven independently of the other. 

s 

46. A three-dimensional display device as set forth in 
claim 44, characterized in that said shutter element 
lowers a light transmittance in the region of depth 
sampling images as two-dimensional images of 

10 said phantom image at said shutter element posi- 
tion during a time duration that said phantom three- 
dimensional image is being reproduced on the other 
side of said shutter element as viewed from the ob- 
server. 

15 

47. A three-dimensional display device as set forth in 
claim 44, characterized in that the material of said 
shutter element is one or combination of guest -host 
type liquid crystal containing diachronic dye having 

20 a different light beam absorption depending upon 
an orientation of molecules and liquid crystal having 
dielectric constant anisotropy, polymer dispersion 
type liquid crystal containing droplet-like liquid crys- 
tal in polymer, polymer dispersed liquid crystal con- 

2S taining a polymer network in liquid crystal, a holo- 
graphic polymer dispersed liquid crystal having a 
layer structure of polymer dispersed liquid crystal 
containing droplet like liquid crystal in polymer and 
polymer, a holographic polymer dispersed liquid 

30 crystal having a layer structure of said polymer dis- 
persed liquid crystal containing a polymer network 
in the liquid crystal and polymer, and a polymer dis- 
persed liquid crystal characterized in that said liquid 
crystal in said polymer dispersed liquid crystal is 

35 said guest-host type liquid crystal. 

48. A three-dimensional display device as set forth in 
claim 44, characterized in that said phantom three- 
dimensional display device is constructed with a 

40 two-dimensional image display device and a varifo- 
cal optical device. 

49. A three-dimensional display device characterized 
by comprising: 

45 

a phantom three-dimensional display device for 
displaying a phantom three-dimensional im- 
age; and 

a shutter device formed by a shutter element 
so for controlling a light transmittance, 

said phantom three-dimensional image being a 
real image, and said shutter element being a 
photoreactive element for lowering a light trans- 
mittance in a real image region at the position 
55 of said shutter element in accordance with an 

imaging light beam of said real image. 

50. A three-dimensional display device as set forth in 
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claim 49, characterized in that a material of said 
photoreactive element is one of a photochromic ma- 
terial, a material consisting of a material causing a 
photostructural change and liquid crystal, and a ma- 
terial having a nematic-anisotropic phase transition 
temperature to be varied by photostructural 
change. 

51. A three-dimensional display device as set forth in 
claim 49, characterized in that said phantom three- 
dimensional display device includes a two-dimen- 
sional image display device and a varifocal optical 
device. 

52. A head-mount display device characterized by 
comprising: 

two display devices corresponding to left and 
right eyes and each including a two-dimension- 
al display device and an optical device having 
a variable focal length; and 
a control device for controlling said two-dimen- 
sional display device and said optical device 
having a variable focal length, 
said display devices being mounted to left and 
right eyes, and said control device synchro- 
nously driving said two-dimensional display de- 
vice and said optical device to perform three- 
dimensional display. 

53. A head-mount display device as set forth in claim 
52, characterized in that said optical device further 
comprises a deflection device for varying a direction 
of a light incident to said optical device, and said 
control device controls said optical device in such a 
way that when the image is moving closer to the 
eyes according to a change of the focal length, the 
overall display image of said two-dimensional dis- 
play device is deflected to be closer toward the cent- 
er between the left and right eyes. 

54. A head-mount display device as set forth in claim 
52, characterized in that said optical device has a 
transparent material of one of forms of a fixed focus 
lens shape, a fixed prism shape, and a shape where 
the fixed deflection mechanism is incorporated into 
the fixed focus lens or a combination thereof, a layer 
including a variable refractive index material, and at 
least a pair of transparent electrodes for sandwich- 
ing said layer. 

55. A head-mount display device as set forth in claim 

54, characterized in that said variable refractive in- 
dex material is liquid crystal having dielectric con- 
stant anisotropy and refractive index anisotropy. 

56. A head-mount display device as set forth in claim 

55, characterized in that said variable refractive in- 



dex material is liquid crystal having dielectric con- 
stant anisotropy and refractive index anisotropy, 
and being dual-frequency liquid crystal having a dif- 
ferent physical property having a different sign of a 
s difference in a dielectric constant corresponding to 

orientation of the liquid crystal molecules between 
different frequencies f1 and f2. 

57. A head-mount display device as set forth in claim 
10 54, characterized in that said variable refractive in- 
dex material is polymer dispersed liquid crystal, and 
the droplet size of the liquid crystal or the droplet 
size of the polymer is smaller than a wavelength of 
visible light. 

15 

58. Ahead-mount display device as set forth in claim 54, 
characterized in that said fixed focus lens is spher- 
ical or non-spherical single lens or fresnel lens. 

20 59. a head-mount display device as set forth in claim 
54, characterized in that said fixed prism is simple 
prism or a multi-prism having an array of a plurality 
of fine prisms. 

25 60. A head-mount display device as set forth in claim 
54, the form where said fixed deflection mechanism 
is incorporated in to said fixed focus lens is in the 
form of increasing or decreasing an angle formed 
by a spherical or non-sphe rical simple lens or a f res- 

30 nel lens and an optical axis. 

61. A head-mount display device as set forth in claim 
52, characterized in that said driving device se- 
quentially applies voltages V1 to VN having primary 

35 frequencies f 1 to fN (N £ 2) to said transparent elec- 
trodes for a predetermined period of time and at a 
predetermined interval. 

62. An optical device comprising 

40 

a transparent material layer having a desired 
non-flat surface for performing an optical func- 
tion: 

a layer of variable refractive index material ar- 
45 ranged adjacent to the non-flat surface of the 

transparent material layer and having a dielec- 
tric constant anisotropy; and 
at least two electrodes arranged to sandwich 
said transparent material layer and said layer 
50 of variable refractive index material and adapt- 

ed to receive a voltage signal to apply an elec- 
tric field across said transparent material layer 
and said layer of variable refractive index ma- 
terial to vary the refractive index of the variable 
55 refractive index material. 

63. An optical device as set forth in claim 62 wherein 
said layer of variable refractive index material has 
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a property in which a sign of a difference AG in di- 
electric constant due to the anisotropy is reversed 
at two different driving frequencies f1 and f2. 

64. An optical device as set forth in claim 62 wherein 
said layer of variable refractive index material has 
a positive or negative dielectric constant anisotropy. 

65. An optical device as set forth in any one of claims 
62, 53 or 64 including driving means for applying a 
voltage to said electrodes. 

66. A display device including the optical device of any 
one of claims 1 to 31 or 62 to 65. 
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